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ABSTRACT 
 
The recent developments of novel thin film materials and their associated processes 
have  marked  the  onset  of  change  in  the  design  philosophy  of  Micro-Electro-
Mechanical  Systems  (MEMS)  from  process  centric  to  performance  centric.  This 
presents an opportunity to improve the performance of MEMS devices by materials 
selection  beyond  the  commonly  preferred  candidates  compatible  with  the 
Complimentary-Metal-Oxide-Semiconductor  (CMOS)  processes  which  forms  the 
principal motivation of the present research. This thesis focuses on the selection of 
suitable  materials  choices  for  realising  high  performance  MEMS  actuators.  The 
thermomechanical design for a generic cantilever bi-layered structure was evolved 
using a temperature dependent quasi-static analysis. The closed form solutions for 
mechanical performances (displacement/tip slope, blocked force/moment, work per 
unit volume) were obtained applying Timoshenko bimetallic theory for an Euler-
Bernoulli  beam  subjected  to  electrothermal,  piezoelectric  and  shape  memory 
actuations.  The  thermal  performance  (actuation  frequency)  was  evaluated  using 
lumped heat capacity models. Contours of equal performance were plotted in the 
domain of governing material properties on Ashby’s selection maps to identify and 
rank promising candidates for further analysis. A few novel material combinations 
such as Zn and Ni on Si and Diamond-like-carbon (DLC) substrates perform better 
than  conventional  material  combination  (Al  on  Si)  for  high  work  per  volume 
bimaterial electrothermal actuators. Actuation frequencies of the order of ~10 kHz 
can be achieved electrothermally at scales less than 100 µm using engineering alloys. 
Although  engineering  polymers  on  Si  are  promising  for  high  displacement 
electrothermal actuators, their low elastic moduli have to be compensated by a large 
thickness for an optimal performance. Pb based piezoceramics on Si/DLC substrates 
are promising for high force piezoelectric MEMS actuators. Piezoelectric actuators 
operate at mechanical resonance (> 100 kHz) and hence the achievable frequencies 
are  greater than that of the electrothermal actuators. However, the work per unit 
volume delivered is lower than that of the electrothermal actuators. Nitinol (NiTi 
shape memory alloy) on Si/DLC are promising material combination for high work 
per volume actuation at a few hundred Hz. Actuation achieved by electrothermal 
buckling of a fixed-fixed structure was found to be superior to the bimaterial flexural   ii 
actuators  in  delivering  a  large  work  per  volume.  A  detailed  comparison  of  the 
maximum  achievable  performance  for  different  actuation  schemes  was  made  to 
facilitate  the  selection  of  actuators  and  the  associated  material  choices  for  any 
application. The suitability of Al-Si bimaterial electrothermal actuators for low speed 
distributed flow control applications was assessed by comparing their performance 
with  the  more  obviously  suitable  Si-PZT  bimaterial  piezoelectric  actuators.  A 
detailed  processing  route  for  microfabricating  Al-Si3N4  bimaterial  electrothermal 
actuators was developed and the associated micromachining issues were discussed. 
The experimental evaluation of the mechanical and thermal performance metrics of 
the  microfabricated  structures  is  expected  to  be  accomplished  in  the  future,  for 
comparison  with  the  analytical  estimates  and  for  subsequent  validation  by  finite 
element analysis. The general framework of the materials selection strategy and the 
ranking of the potential candidates presented here will form a basis for the rational 
design of the MEMS actuators with an improved performance. The outcomes of this 
thesis  also  have  set  up  an  agenda  for  long  term  research  goals  which  include 
exploration of novel actuator shapes/schemes, understanding of the process-property 
relations to tailor thin film properties and a comprehensive assessment of other novel 
substrate materials and their processes for MEMS actuator structures.    iii
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SYMBOLS AND ABBREVIATIONS USED 
 
List of symbols  
 
English 
Symbols  Definitions  Units 
     
b  Width of the actuator structure   m 
d  piezoelectric strain coefficient   CN
−1 or mV
−1 
f  Actuation frequency  Hz 
b f   Bursting frequency of the low speed streaks  Hz 
s f   Structural resonant frequency  Hz 
h  Heat transfer coefficient  Wm
−2K
−1 
k  Electromechanical coupling factor of piezoelectric material  - 
b k   Bending stiffness of the actuator  Nm
−1 
m k   Non-dimensional pre-tension parameter  - 
s k   Spring stiffness  Nm
−1 
f
s k   Stiffness of the fluid cavity  Nm
−5 
θ k  
Circular wave number, i.e., number of waves per unit spatial 
length 
m
−1 
l  Wall unit of the fluid  m 
s n   Number of streaks within the area to be controlled  - 
q ￿   Heat generation per unit volume  Wm
−3 
ˆ q  Heat flux   Wm
−2 
g r   Radius of gyration  m 
s  Specific entropy  Jkg
−1K
−1 
t  Total thickness of the actuator structure  m 
d t   Thickness of the diaphragm  m 
1 2 , t t   Thicknesses of the bi-layers 1 and 2 respectively  m 
'
c t   Time taken to cool between the operating temperature limits  s 
y  Displacement of the actuator structure  m 
max y   Maximum displacement of the actuator structure  m   xix
English 
Symbols  Definitions  Units 
     
Bi  Biot number  - 
C  Specific heat capacity of the substance  Jkg
−1K
−1 
be C   Blocked electrical capacitance  farad 
m C   Stiffness component in electromechanical domain  Nm
−1 
D  Flexural rigidity of an isotropic plate structure  Nm
−1 
E  Elastic modulus of the material  Nm
−2 
s E   Strain energy per unit volume  Jm
−3 
s E′  Electrical energy per unit volume stored  Jm
−3 
I E   Energy index of a bimaterial structure  - 
1 2 , E E   Elastic moduli of the bi-layers 1 and 2 respectively  Nm
−2 
P E   Electric field across the piezoelectric layer  Vm
−1 
P
C E   Coercive field of the piezoelectric material  Vm
−1 
P
IC E   Intrinsic coercive field of the piezoelectric material  Vm
−1 
′ E  
Dimensionless  modulus  (ratio  of  elastic  modulus  to  the 
atmospheric pressure) 
- 
b F   Blocked force  N 
o F   Fourier number  - 
G  Transfer function for the electromechanical system  NV
−1 
K  Bulk modulus of the material  Nm
−2 
L  Length scale of the actuator structure  m 
c L   Characteristic length, i.e. ratio of the volume to the surface area  m 
m L   Lumped mass component in electromechanical domain  kg 
b M   Blocked moment  Nm 
bo M   Optimal blocked moment  Nm 
n M   Normalised blocked moment  Nm.m
−3K
−1 
no M   Optimal normalised blocked moment  Nm.m
−3K
−1 
bp M   Material index of the bossed plate structure  -   xx
English 
Symbols  Definitions  Units 
     
eff M   Effectiveness based on moment  NmW
−1 
m M   Material index of the membrane structure  - 
p M   Material index of the plate structure  - 
EI M   Effectiveness index corresponding to  eff M   NW
−1 m
−1 
I M   Moment index of bimaterial structure  - 
1 2 , M M  
Normalised  internal  moments  in  the  bi-layers  1  and  2 
respectively 
N 
1 2 , N N   Normalised internal forces in the bi-layers 1 and 2 respectively  Nm
−1 
c P   Fundamental critical load required to buckle the structure  N 
r P   Pressure ratio,  2 1 P P   - 
I P   Electrothermal power index  mKW
−1 
1 2 , P P   Initial and final states of the pressure  Nm
−2 
R  Radius of the circular diaphragm structure  m 
Re  Reynolds number  - 
c R   Radius of the curvature of the beam  m 
m R   Mechanical damping constant in electromechanical domain  Nm
−1s 
av T   Nominal average temperature   K 
b T   Base temperature  K 
p v , T T   Peak and valley temperatures of the operating range  K 
r T   Temperature ratio,  2 1 T T   - 
1 2 , T T   Initial and final states of the temperature  K 
T∞  Ambient temperature  K 
C T   Curie temperature of the piezoelectric material  K 
t U   Internal energy per unit volume  Jm
−3 
U∞  Free stream velocity of the fluid  ms
−1 
V  Electrical voltage applied across the circuit  V   xxi
English 
Symbols  Definitions  Units 
     
r V   Volume ratio,  2 1 V V   - 
I V   Voltage index for a bi-layer  W
−1mK 
1 2 , V V   Initial and final states of the volume  m
3 
′ V   Ratio of the cavity volume to the diaphragm volume  - 
* V   Frictional velocity of the fluid  ms
−1 
W  Maximum work per unit volume  Jm
−3 
eff W   Effectiveness based on work per unit volume  JW
−2 
o W   Optimal maximum work per volume  Jm
−3 
n W   Normalised maximum work per volume  Jm
−3Κ
−2 
no W   Optimal normalised maximum work per volume  Jm
−3Κ
−2 
EI W   Effectiveness index corresponding to  eff W   NW
−2 
L T , Z Z   External and total impedances in the electromechanical domain   Nm
−1s 
 
 
 
Greek 
Symbols 
Definitions  Units 
     
α   Thermal expansion coefficient of the material  m.m
−1K
−1 
1 2 , α α   Thermal  expansion  coefficients  of  the  bi-layers  1  and  2 
respectively 
m.m
−1K
−1 
d
eq α   Equivalent thermal diffusivity   m
2s
−1 
β   Aspect  ratio,  i.e.,  L t  for  beam  and  d 2R t   for  circular 
diaphragm 
- 
χ   Loss coefficient  - 
δ   Boundary layer thickness  m 
rec ε   Recovery strain  - 
d
r ε   Relative dielectric constant of the piezoelectric material  - 
t ε   Thermal emissivity of the material  - 
t
eq ε   Equivalent thermal emissivity  -   xxii
Greek 
Symbols 
Definitions  Units 
     
f σ   Failure strength of the material  Nm
−2 
γ   Adiabatic index  - 
m η   Mechanical efficiency of the actuator  - 
em η   Electromechanical efficiency  - 
p
em η   Electromechanical efficiency for pre-stressed structures  - 
κ   Thermal conductivity of the material  Wm
−1K
−1 
eq κ   Equivalent thermal conductivity  Wm
−1K
−1 
λ   Ratio of the elastic moduli of the bi-layers,  1 2 E E   - 
ρ   Density of the substance  kgm
−3 
r ρ   Electrical resistivity of the material  Ω m 
C ρ   Volume specific heat of the substance  Jm
−3Κ
−1 
eq ( ) C ρ   Equivalent volume specific heat   Jm
−3Κ
−1 
nf σ   Normalised strength of the material  - 
w τ   Wall shear stress  Nm
−2 
f ν   Kinematic viscosity of the fluid  m
2s
−1 
ξ   Ratio of the thickness of the bi-layers,  1 2 t t   - 
o ξ   Optimal thickness ratio  - 
b ζ   Boss ratio of the diaphragm  - 
' t ∆   Time increment between initial and final instant  s 
T ∆   Nominal temperature difference  K 
BI ( ) T ∆   Thermal buckling index  K 
c ( ) T ∆   Critical  temperature  difference  corresponding  to  the  onset  of 
buckling 
K 
p
c ( ) T ∆   Critical  temperature  difference  corresponding  to  the  onset  of 
buckling for pre-stressed structures 
K 
∆α   Difference in the thermal expansion coefficients of the bi-layers, 
1 2 ( ) α α −  
m.m
−1K
−1 
φ   Transduction ratio in electromechanical circuit  NV
−1 
eff Θ   Effectiveness based on slope  W
−1   xxiii
Greek 
Symbols 
Definitions  Units 
     
f Θ   Free-end slope  - 
fo Θ   Optimal free-end slope  - 
n Θ   Slope based material parameter corresponding to  f Θ   m.m
−1K
−1 
no Θ   Optimal slope based material parameter corresponding to  fo Θ   m.m
−1K
−1 
EI Θ   Effectiveness index corresponding to  eff Θ   mW
−1 
 
Any new symbols introduced in the text are defined in the appropriate context as they 
appear. 
 
 
List of abbreviations 
 
 
Abbreviations  Definitions 
   
BMET  Bimaterial electrothermal 
BMPE  Bimaterial piezoelectric 
BMSM  Bimaterial shape memory 
CMOS  Complimentary metal oxide semi-conductor 
ETB  Electrothermal buckling 
IC  Integrated circuits 
MEMS  Micro-electro-mechanical systems 
MOSFET  Metal oxide semi-conductor field effect transistor 
 
Any new abbreviations introduced in the text are defined in the appropriate context as 
they appear. 
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Chapter 1   
Performance of Microsystems - A Materials Perspective 
 
“The interaction between the function, material, shape and process lie at the heart of the material selection process”
   
-  M. F. Ashby, Material Selection in Mechanical Design, Chapter 2 
 
1.1 Introduction to microsystems 
 
Microsystems or Micro-Electro-Mechanical Systems (MEMS) constitute devices and 
structures on the scale of a few tens to hundreds of microns but generally not exceeding 
1 mm. The feasibility of designing such structures provides an opportunity to realise 
devices  which  have  impact  on  the  performance  of  many  macro  scale  engineering 
systems into which they are integrated. As a result, many exciting avenues have opened 
recently in different areas of application exploiting the use of MEMS. Some notable 
areas  of  application  of  MEMS  devices  include,  automotive  (e.g.  accelerometers 
triggering for air bag deployment), aerospace (e.g. pressure/temperature sensors, flow 
control  devices),  biological  (e.g.  DNA  microchip,  microcages,  microtweezers),  bio-
medical  (e.g.  microfluidic  pumps  used  in  bio-chips)  and  consumer  electronics  (e.g. 
micromirrors and microswitches).  Put simply, MEMS are micromachines engineered to 
perform certain specific tasks at the microscale. Depending on their function, being 
active  or  passive  or  autonomous,  the  architecture  of  most  MEMS  devices  normally 
consists of on-chip integration of some or all the following functional units namely; a 
sensory unit (consisting of sensors), an effector unit (consisting of actuators) and the 
interface power electronics. The ability to integrate MEMS and the electronic integrated 
circuits  (IC)  has  further  enhanced  the  MEMS  functionality  by  including  signal 
processing, display and control functions. Of late, the physical domains of the integrated 
functional units have transcended the electromechanical boundaries with the realisation 
of  novel  devices  incorporating  micro  reaction  chambers/cavities  (consisting  of 
microfluidic  channels/ducts  with  heater  elements)  to  perform  certain  chemical/bio-
chemical reactions. The definition of MEMS is therefore tending to become broader in 
sense beyond the traditionally referred electromechanical systems. 
 
 The state-of-the-art attained in MEMS sensor development is more advanced compared 
to  that  attained  for  actuators.  This  is  evident  from  the  lag  in  realisation  of  MEMS   2 
actuators  as  commercial  products  behind  other  system  level  components.  This 
observation  provides  the  principal  motivation  for  this  thesis.  Although  MEMS 
technology is very promising, the small number of  commercially successful MEMS 
devices  clearly  indicates  the  challenges  involved  in  commercialisation  of  this 
technology.  This  may  be  attributed  to  several  factors  including;  materials  issues, 
processing constraints and cost, besides the continuous effort to improve the reliability 
of the devices. The maturation of this technology in realising high performance devices 
strongly relies on the seamless translation of the associated physical mechanisms at the 
microscale  to  equivalent  appropriate  engineering  requirements.  This  effort  has  been 
supported by the recent advances in the development of new materials and processes for 
thin film layered structures at the microscale thereby opening a gateway  for further 
development.  Therefore,  with  the  development  of  new  materials  and  processes, 
opportunities arise to overcome the challenges posed in meeting the critical functional 
requirements in most MEMS applications.  
 
The objective of the present research is to assess quantitatively the role of engineering 
materials  in  order  to  realise  high  performance  MEMS  actuators.  There  has  been  a 
general lack of commercial interest in the research aligned in this direction due to the 
inherent  risks  associated  with  investment  in  the  development  of  new  materials  and 
processes. Also, the lead time associated with the development of new materials and 
processes is long compared to other areas of technology. Consequently, the literature 
relevant to this area of  research is very limited, with the majority published by the 
academic research groups. Although a few laboratories around the world are involved in 
the  development,  processing  and  characterisation  of  thin  film  materials  at  the 
microscale, little has hitherto been translated into commercial products. Nevertheless, 
there  are  many  exciting  opportunities  to  contribute  significantly  to  this  knowledge 
domain which has the potential to bring immense long term benefits. 
 
The  continuous  research  in  processing  thin  film  metals,  polymers  and  engineering 
ceramics  on  arbitrary  substrates  has  benefited  MEMS  technology  in  expanding  its 
limited materials set. As a result, multilayered thin film structures [1, 2] and buried 
skeleton structures [3] have been considered for MEMS actuators. Furthermore, the on-
going fundamental research to develop and process new particulate composite materials 
with improved properties [4] has further emboldened the effort to integrate MEMS and   3 
CMOS circuits monolithically. With this backdrop regarding materials research relevant 
to MEMS devices, it is timely to investigate the optimal choice of materials which 
deliver best performance. The seminal content of this thesis is therefore to identify and 
rank promising candidate materials by evolving a suitable materials selection strategy 
for  some  commonly  employed  MEMS  actuator  structures  in  a  generic  bi-layered 
configuration.  
 
Actuators in general, are mechanical transducers which transform any form of input 
energy to an output mechanical motion. The ability to realise such structures at the 
microscale  has  provided  the  possibility  to  manipulate  objects  and  structures  at  that 
scale. Depending on the magnitude of the external mechanical impedance, a trade-off 
between the achievable force and displacement is obtained with the available output 
energy associated with the actuator. A realistic definition of the external mechanical 
impedance  is  essential  in  order  to  design  an  actuator  which  delivers  the  best 
performance. Recent studies on the selection of actuators for applications [5], and their 
classification into families based on their mechanisms and performance [6], provides a 
basis to identify potential areas for overall improvement in actuator design. Although 
different  actuation  mechanisms  have  been  identified  and  studied,  the  preference  for 
most  commonly  employed  MEMS  actuation  schemes  such  as  electrostatic, 
electrothermal, piezoelectric and shape memory can be attributed to their acceptable 
performance,  ease  of  fabrication  and  long  term  reliability.  Optimal  design  of  such 
actuators  requires  development  of  an  understanding  of  the  governing  mechanisms 
associated with various actuation schemes which facilitates identifying novel materials 
for the best performance. 
 
1.2 Influence of materials on the performance of MEMS actuators 
 
In order to identify potential materials choices for improving the performance of MEMS 
actuators,  it  is  worthwhile  to  understand  the  baseline  performance  of  commonly 
employed  MEMS  actuators;  i.e.,  electrostatic,  electrothermal  and  piezoelectric 
actuators.  The performance of these actuators in different configurations specific to 
various  microsystems  has  been  already  discussed  in  the  literature.  However,  a 
reasonably accurate estimate allowing direct comparison of the achievable performance 
limits with due consideration to length scales is unavailable. The present work is built   4 
on a previous study of the performance maps for various actuator families at the micro 
and macro scales [6] so that promising materials choices are identified and ranked for 
commonly employed MEMS actuation schemes.   
 
Electrostatic actuation is preferred for those applications which require a relatively large 
displacement (~10-40µm) at high frequencies (~ 100 kHz - 1 MHz). Actuation is due 
to  the  attractive  Columbic  forces  between  the  parallel  plates  of  capacitive  MEMS 
structures. Their change in capacitance due to external perturbation is also exploited for 
many sensing applications. The most prominent commercial application of electrostatic 
MEMS  actuators  is  in  the  digital  micromirror  devices  [7]  developed  by  Texas 
Instruments Inc., U.S.A. The device is an optical chip which consists of an array of 
micromirrors  capable  of  generating  high  resolution  digital  images  for  the  improved 
performance of projection systems.  
 
Microelectrothermal  actuators  in  general,  are  particularly  promising  for  applications 
requiring a large specific work. They are capable of actuating either in-the-plane [8] or 
out-of-the-plane  [9]  of  the  substrate.  Actuation  is  usually  achieved  by  thermal 
expansion of the materials caused by Joule heating of the substrate materials followed 
by  ambient  cooling.  Their  performance  is  governed  by  electrothermal  and 
thermomechanical  responses  which  are  dictated  by  the  mechanical,  thermal  and 
electrical  properties  of  the  materials  employed.  They  are  capable  of  delivering  a 
reasonably large force (~ 
2 3 10 -10 µN) and displacement (~ 10 µm). 
 
Actuation  due  to  the  converse  piezoelectric  effect  based  on  electromechanical 
transduction  in  certain  groups  of  thin  film  materials  (characterised  by  non-
centrosymmetric crystals lacking inversion symmetry) is attractive for MEMS actuator 
applications.  Relatively  large  forces,  of  the  order  ~  1  mN  can  be  achieved  using 
piezoelectric  actuation  [6]  at  the  microscale.  Some  common  applications  of 
piezoelectric  actuation  include  inkjet  printer  heads  [10]  and  micromotors  [11]. 
Actuation frequencies of the order of ~ 
1 2 10 -10  kHz can be achieved by piezoelectric 
actuation. A notable commercial application of piezoelectric actuation is the variable 
droplet inkjet printer heads developed by Epson [12]. Daewoo Electronics Co. Ltd.,   5 
came close to commercialising their piezoelectrically actuated thin film micromirror 
arrays [13] intended for application in projection systems. 
 
The performance of these commercial or near-commercial MEMS actuators is not only 
affected directly by the materials used but also indirectly by the processes employed for 
micromachining them. The processing steps have a significant bearing on the material 
properties and the process-induced residual stresses developed in thin film structures. A 
good  fundamental  understanding  of  the  effect  of  critical  process  parameters  on  the 
material properties and residual stresses is available for a few materials which are the 
legacy of integrated circuits (IC) fabrication routes. However, for most materials this 
has not yet been accomplished, and this represents a critical effort in the development 
path for new materials. Therefore, significant attention is required to address the issues 
relevant to materials and their associated processes to realise high performance MEMS 
devices. 
 
Thin  film  bimaterial  structures  are  the  most  commonly  preferred  forms  for 
electrothermal,  piezoelectric  and  shape  memory  actuators  and  represent  a  generic 
architecture  for  MEMS  actuator  structures.  The  micromachining  processes  to  create 
such structures are simple which involves deposition of thin film of a material on a 
substrate. The differential expansion between the layers can be exploited for achieving 
out-of-the-plane actuation which is difficult to obtain by other means. Actuation normal 
to the wafer plane is required for many applications such as micromirrors, microvalves 
and  flow  control  actuators.  However,  the  development  of  processes  resulting  in 
significant reduction of pre-stress in thin films when deposited on an arbitrary substrate 
is one of the key issues which need to be addressed for most material combinations in 
order  to  realise  high  performance  actuators.  The  present  work  focuses  on  the 
performance improvement achieved from the materials selection for out-of-the-plane 
microactuators, acknowledging the constraints imposed by the processing routes and 
thin film pre-stress.   
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1.3 Materials issues in MEMS design 
 
Design of MEMS in particular is challenging due to the fact that a limited group of 
materials  are  available  to  meet  the  highly  integrated,  multi-functional  roles  of  the 
components [14] and the associated manufacturing processes. This can be attributed to 
the evolution of MEMS from IC fabrication routes, i.e., Complimentary Metal Oxide 
Semiconductors  (CMOS)  and  Metal  Oxide  Semiconductor  Field  Effect  Transistor 
(MOSFET) technologies. Although materials which inherit the CMOS/MOSFET legacy 
such as Si, Ge and Al are automatically eligible for MEMS, they are not necessarily the 
best candidates particularly for micromechanical transducers. This presents a situation 
where  performance  of  the  system  depends  primarily  on  the  ability  to  modify  the 
geometry  and  topology  of  the  structures  made  of  these  limited  available  materials. 
Although  there  have  been    persistent  efforts  to  handle  in-plane  complexities  in  the 
device  features  by  manipulating  the  topology  [15,  16],  the  ease  of  achieving  the 
required shapes which give best performance is severely hampered using the currently 
available micromachining processes. Therefore the constraints imposed by the materials 
available, and the  associated microfabrication routes, on the performance of MEMS 
devices are partly responsible for the existing gap between research in which a wide 
variety of materials are used, and commercialisation in which very few materials are 
employed.  This  situation  persists  even  though  the  overall  MEMS  market  size  is 
expected  to  grow  consistently.  Hence  there  is  a  necessity  to  establish  a  materials 
selection strategy to identify novel candidates which offer better performance than the 
existing set of materials.  
 
Materials selection is a critical process in the design cycle of all engineering products 
and systems. About 80,000 materials have been reported to be available for engineers to 
consider during the preliminary design phase of any engineering system [17]. Hence an 
effective  materials  selection  strategy  is  required  to  identify  the  potential  candidates 
which can be considered for further analysis. Materials selection strategies in general, 
are  very  system  specific  because  they  are  determined  by  the  physical  mechanisms 
associated with a particular system in order to meet certain functional requirements. An 
effective  strategy  is  one  that  facilitates  identification  and  ranking  of  the  potential   7 
candidates  for  the  various  functional  requirements  based  on  their  performance 
associated with the physical mechanisms. 
 
1.4 Motivation and research objectives 
 
As MEMS diverge from the conventional CMOS technology, there is a need to expand 
the range of available materials and associated fabrication routes beyond silicon and its 
associated  materials  set.  The  growing  interest  in  developing  thin  films  of  arbitrary 
materials on various substrates further assists the efforts to engineer materials at the 
microscale. Hence an opportunity exists to realise high performance MEMS devices by 
selecting the best materials for further development. The first step in achieving this goal 
is  to  identify  potential  candidates  and  to  rank  them  based  on  their  performance  for 
various actuation schemes. Although a step towards this goal was made previously for 
electrostatic  actuators  by  comparing  the  relevant  material  indices  using  Ashby’s 
selection charts [18], further effort is still required to establish design guidelines for 
other actuation schemes.  
 
The key objectives of the present work are: to develop an analytical framework for 
selecting  the  best  materials  for  electrothermal,  piezoelectric  and  shape  memory 
actuators with bimaterial architectures, to rank the potential candidate materials based 
on their performance for a given set of functional requirements, to study the effect of 
scaling on the materials selection process which thereby affects the performance and 
finally to compare the achievable performance limits of different actuation schemes in 
order to select actuators for given set of system level requirements. 
 
1.5 Thesis structure 
 
This  thesis  is  organised  as  follows.  Chapter  2  presents  an  analytical  framework  for 
optimal materials selection for bimaterial electrothermal (BMET) microactuators based 
on the temperature independent quasi-static response of a bimaterial cantilever structure 
applying simple beam theory. Chapter 3 discusses the effect of resistive heating and 
scaling  on  the  materials  selection  for  BMET  actuator  structures  by  analysing  the   8 
competition  between  different  modes  of  heat  transfer  at  the  microscale 
(10 µm 1 mm L ≤ ≤ ).  Chapter  4  discusses  the  analytical  framework  relevant  to 
electrothermal buckling (ETB) microactuators and comparison of their performance to 
that  of  BMET  actuators.  Chapter  5  discusses  a  strategy  for  identifying  optimal 
combinations  of  active  materials  and  substrates  which  deliver  best  performance  for 
bimaterial piezoelectric (BMPE) microactuators. Chapter 6 presents design guidelines 
for the diaphragms of thermally actuated pneumatic and phase change microactuators.  
Chapter 7 discusses the selection of actuators for different applications by comparing 
the performance limits of various actuation schemes. Detailed design and analysis of a 
BMET actuator structure using finite element models are also presented for a boundary 
layer  flow  control  application.    Relevant  mask  designs  and  suitable  processes  to 
micromachine representative Al-Si3N4 BMET actuators for a range of length scales are 
also  discussed.  Lastly,  chapter  8  presents  the  conclusions  drawn  from  this  research 
highlighting the scope for further research studies.  
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Chapter 2  
Materials selection for Bimaterial Electrothermal Microactuators  
 
2.1 MEMS materials set for BMET actuator structures - A review 
 
Electrothermal  actuators  in  general,  are  particularly  promising  for  delivering  large 
displacements  (1-100µm)  and/or  high  forces  (10-100µN).  Thermal  bimaterial 
actuators, made by simple MEMS fabrication processes provide an easy means to obtain 
out-of-plane motion which is otherwise difficult to achieve. Their actuation typically 
utilizes the resistance heating of the actuator elements resulting in differential thermal 
expansion.  
 
Several  bimaterial  electrothermal  actuators  have  been  demonstrated:  a  diamond-like 
carbon (DLC)/Ni microcage [19], a polymeric microgripper made of epoxy based SU8 
integrated with Ti/Pt [20] and Au-polyimide on silicon wafers [21] have been suggested 
as  bio-compatible  actuators  for  handling  living  cells  in  biomedical  and  biological 
applications.  Submicron  scale  electrothermal  actuators  [22]  have  been  proposed  as 
precise end-effectors for robots. Aluminium films on single crystal silicon [9] have been 
developed for optical applications such as positioning micromirrors. Thermally actuated 
probe  arrays  made  of  gold  on  silicon  nitride  were  used  for  nanolithography  [23] 
applications. A ternary alloy, AlxGa1-xAs deposited on GaAs substrate [24], and SU8 
polymer coated on silicon [25] were considered for micromachined cantilevers for use 
in  atomic  force  microscopy.  In  all  these  applications  it  is  clear  that  the  choice  of 
materials has been largely driven by what is available to the designers rather than what 
should be considered for an optimal performance. 
 
Although different approaches to electrothermal actuation [26-29] provide flexibility in 
meeting functional requirements, surprisingly little attention has focussed on optimising 
microsystems design based on materials selection. The few published works in this area 
include: a comparison of the performance of Ti-Al films and Al on Si [30] emphasizing 
the  potential  of  Ti-Al  films  in  bimaterial  actuator  design,  application  of  Ashby’s 
approach for selecting suitable candidate materials for purely mechanical elements of  
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the actuator [31] and comparison of the performance of bimaterials and their reliability 
in macrosystem applications via performance maps [32].  
 
Selection of a particular material depends on its performance against a given set of 
functional requirements. The thermoelastic performance metrics considered for actuator 
structures  are blocked  moment, free-end slope and the maximum work per volume. 
Blocked moment and free-end slope correspond to the maximum force and maximum 
displacement  achievable.  Material  combinations  that  can  deliver  a  large  tip 
slope/displacement, when thermally actuated under fixed-free conditions are suitable 
candidates  for  applications  such  as  micromirrors.  Blocked  force  is  an  important 
performance criterion for valve structures in microfluidic devices. Maximum work per 
unit volume is a relevant metric in the design of actuators for displacement micropumps 
or other flow control devices.  
 
The primary objective of the present study is to develop an approach for identifying 
potential candidate materials in the preliminary  design phase of microelectrothermal 
actuators which can deliver the best steady state thermomechanical response. Hence 
variations in the temperature field due to electric effects, heat losses due to different 
modes of heat transfer and estimation of maximum permissible actuation temperature 
are  not  addressed  at  this  stage  but  discussed  in  detail  in  Chapter  3.  The  materials 
selection strategy has not considered the effect of scale and processing routes on the 
material  properties  at  microscale,  the  influence  of  pre-stress  in  the  microfabricated 
structures on the performance and the effect of oxidation/corrosion of materials in the 
ambient environment. These factors clearly require consideration in the detailed design 
of a bimaterial actuator. 
 
This chapter is organised as follows. Section 2.2 discusses the mechanics of a thermal 
bimaterial actuator. Closed form solutions for thermoelastic performance metrics and 
comparison with results of finite element analysis are illustrated in Section 2.3. The 
mathematical formulations associated with the optimisation of the performance metrics 
are discussed in Section 2.4. Section 2.5 presents the materials selection strategy based 
on the optimisation of performance metrics. Section 2.6 discusses the process employed 
for  candidate  materials  selection  and  other  factors  to  be  accounted  for  during  the  
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materials selection. Finally, Section 2.7 summarises the key inferences drawn from this 
analysis. 
 
2.2 Mechanics of a thermal bimaterial actuator 
 
Figure  2.1a  shows  a  thermally  actuated  bimaterial  cantilever  structure  made  of  two 
dissimilar materials with Young’s moduli  1 E ,  2 E  and thermal expansion coefficients 
1 α , 2 α . The thicknesses of the layers are  1 t and  2 t  and L is the beam length. In the 
analysis that follows, forces and moments are normalised by the width, b. Figure 2.1b 
shows the effective internal forces ( 1 2 , N N ) and moments ( 1 2 , M M ) developed in each 
layer when the bimaterial is subjected to a uniform temperature difference,  T ∆ . The 
variable  T ∆  is the difference between the nominal temperature of the bimaterial, T and 
the ambient temperature, T∞.  
 
 
 
Figure 2.1 (a) Geometric definition of a bimaterial cantilever; (b) Free body diagram of a bimaterial 
cantilever subjected to a uniform temperature difference, ∆T. 
X 
′ X  
Properties of Material 1: E1, α1 
Properties of Material 2:  E2, α2 
t1 
t2 
(a) 
L  b 
X 
N2 
N1 
M2 
M1 
(b) 
t 
Elevation  Side view 
x 
′ X   
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Timoshenko [33] was first to develop the fundamental mechanics of a bimaterial (or 
bimetallic strip) subjected to a uniform temperature difference,  T ∆ . Making the usual 
assumptions  of  simple  beam  theory  and  applying  compatibility,  equilibrium  and 
constitutive relations, the system of forces and moments is obtained as 
 
3 3
1
1 3
c 12 (1 )
E t
M
R
ξ
ξ
=
+
                  (2.1) 
 
3 3
2
2 3
c 12 (1 )
E t
M
R
ξ
ξ
=
+
                  (2.2) 
 
2 3
1
1 2 3
c
(1 )
6 (1 )
E t
N N
R
λξ
λ ξ
− +
= − =
+
                (2.3) 
 
where  1 2 E E λ =   is  the  ratio  of  elastic  moduli,  1 2 t t ξ =   is  the  thickness  ratio, 
1 2 ( ) ∆α α α = − is the difference in thermal expansion coefficient of the materials and Rc 
is the radius of curvature which is given by 
 
2
c 2 2
1 6( )( )(1 )
.
1
3(1 ) (1 )
T
R
t
∆α ∆ ξ
ξ λξ ξ
λξ
+
=
   
+ + + +    
   
            (2.4) 
 
2.3 Evaluation of the performance metrics 
 
2.3.1  Evaluation of free-end slope,  f Θ  
 
The free-end slope developed when a cantilever bimaterial is subjected to a uniform 
temperature difference, T ∆ relative to the ambient temperature, is given by 
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f
c
.
L
R
Θ =                     (2.5) 
 
Substituting equation (2.4) in (2.5) gives an expression for the free end slope,  f Θ  as  
 
( )
f 2 3
2
6( )( )
.
3 (1 ) (1 ) 1
(1 )
T L
t
∆α ∆
Θ
λξ ξ λξ λξ
λξ ξ
=
  + + + +
 
  +  
            (2.6) 
 
2.3.2  Evaluation of blocked moment,  b M  
 
When the rotational degree of freedom is constrained at the free end of a cantilever 
bimaterial, a moment  ( b M , the blocked moment) is developed  when subjected to a 
uniform temperature difference. This blocked moment can be evaluated by applying the 
principle of superposition between the free- end slope given by equation (2.6) and an 
equivalent free-end slope due to an arbitrary mechanical moment,  b M  obtained using 
composite beam theory [34]. The blocked moment,  b M is evaluated as 
 
2
1
b
( )( )
.
2(1 )(1 )
E t T
M
∆α ∆
ξ λξ
ξ
=
  + +
 
 
                (2.7) 
 
 
2.3.3  Evaluation of maximum work per volume, W 
 
In general, actuators are required to deliver finite displacements while applying finite 
loads. Therefore the most general performance  metric for a  compact  actuator is the 
maximum work that can be delivered per unit volume. 
 
Figure 2.2 shows graphically the operating characteristics of a linear bimaterial actuator 
in the domain of moment and slope developed at the free end. Point C on the ordinate M 
corresponds to the fixed-fixed condition and point D on the abscissa, Θ corresponds to 
the fixed-free condition. Any point on the line CD corresponds to a rotational compliant  
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condition with moments and slopes bounded by those at C and D.  The maximum work 
per volume, W is equal to the triangular area OAB and it is given by 
 
b f .
8
M
W
Lt
Θ
=                     (2.8) 
 
 
 
Figure 2.2 Operating characteristics of a bimaterial electrothermal actuator. 
 
Substituting equations (2.6) and (2.7) in (2.8) gives an expression for the maximum 
work per volume: 
 
2 2
1
2 3
2
3 ( ) ( )
(1 ) (1 ) (1 )
8 3(1 )
(1 )
E T
W
∆α ∆
λξ λξ ξ
λξ
λξ ξ ξ
=
      + + +
+ +       +      
          (2.9) 
 
The closed form relations for performance metrics given by equations (2.6), (2.7) and 
(2.9) were compared to the results obtained by finite element analysis. A SOLID45 
finite  element  routine  implemented  in  ANSYS  10.0  was  used  to  analyse  cantilever 
structures  with  an  aspect  ratio,  10 L t =   for  0.01 100 ξ < < ,  0.01 100 λ < < ,  with  a 
O 
M
o
m
e
n
t
,
 
M
 
C (0, Mb) 
E (0, Mb   ⁄ 2)  A (Θf   ⁄ 2, Mb ⁄ 2) 
B (Θf  ⁄ 2, 0)  D (Θf, 0) 
Tip slope, Θ  
 
15 
 
temperature difference 
o 100 C T ∆ = . In all cases, the numerical solutions obtained from 
finite element analysis agreed with these analytical solutions to within 1%. 
 
 
2.4 Optimisation of the performance metrics of BMET actuators 
 
2.4.1 Optimisation of free-end slope/displacement 
 
From equation (2.6) it is evident that the free-end slope of a thermal bimaterial actuator 
solely depends on the materials used (quantified by E andα ), the thickness ratio and the 
geometry (L, t) for a given temperature change,  T ∆ . This observation simplifies the 
task of optimising the design in order to maximise  f Θ . Since the material domain is 
discrete  in  nature,  i.e.  a  given  material  has  particular  values  of  E  and  α which  are 
independent, it is most productive to optimise Θf with respect to the thickness ratio, ξ  
for a given pair of materials. This implies that for a given  ∆α and a fixed aspect ratio 
(L t) under a constant temperature difference,  T ∆  the denominator in equation (2.6) 
should be minimised in order to obtain a maximum performance. A normalised slope, 
n Θ  corresponding to the free-end slope,  f Θ  is defined using equation (2.6) which is 
given as 
 
f
n
θ
6( )
( T) (3 ) Z
Θ ∆α
Θ
∆ β
= =
+
                (2.10) 
 
where  L t β =  is the aspect ratio of the cantilever bimaterial and  
 
3
θ 2
(1 )(1 )
.
(1 )
Z
λξ λξ
λξ ξ
+ +
=
+
                (2.11) 
 
To maximise  n Θ (and hence  f Θ ) for a given( ) ∆α ,  θ Z should be minimised subject to 
the condition 
 
0 λ > is a constant and  0 ξ > .               (2.12)  
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The optimal thickness ratio that provides maximum Θn is given by 
 
Zθ
ξ
∂
∂
= 0 for a constant λ .                (2.13) 
 
Substituting equation (2.11) in equation (2.13) gives one admissible solution for the 
optimal thickness ratio, ξo which is given as 
 
2 2
o 1 1 2 2
1
. E t E t ξ
λ
= ⇒ =                 (2.14) 
 
0.8
0.6
0.4
0.4
0.2
0.2
0.2
0.0
0.0
0.0
-0.2
-0.2
-0.2
-0.4
-0.4
-0.6
-0.8
Elastic modulus, E2, GPa
101 102 103
E
l
a
s
t
i
c
 
m
o
d
u
l
u
s
,
 
E
1
,
 
G
P
a
101
102
103
 
Figure 2.3 Contours of optimal thickness ratio,  10 o log ( ) ξ for a given material pair to deliver maximum 
free-end slope, blocked moment and work per unit volume. 
 
Equation (2.14) reveals that the thicknesses of the bi-layers  1 t  and t2 should be such that 
the moments M1 and M2 across any section should produce a constant circular bending  
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i.e.  ( ) ( ) 1 1 2 2 M t M t = . Therefore solving equations (2.10), (2.11) and (2.14) gives the 
optimal normalised,  no Θ corresponding to the optimal free-end slope,  fo Θ : 
 
fo
no
3( )
( T) 2
Θ ∆α
Θ
∆ β
= =                 (2.15) 
 
From  equation  (2.15)  it  is  clear  that  the  optimal  normalised  slope  for  a  thermally 
actuated  bimaterial  is  dependent  only  on  the  difference  in  thermal  expansion 
coefficients,  ( ) ∆α   of  the  two  materials.  However,  the  optimal  thickness  ratio  does 
depend  on  the  ratio  of  the  elastic  moduli,  λ .  Figure  2.3  shows  a  plot  of  optimal 
thickness ratio,  o ξ  as a function ofλ . It is clear from the plot that decreasing λ  must be 
compensated  by  an  increase  in  o ξ   for  an  optimal  performance  corresponding  to  a 
particular material combination. 
 
2.4.2 Optimisation of blocked moment  
 
From  equation  (2.7)  it  is  evident  that  the  blocked  moment  developed  by  a  thermal 
bimaterial  actuator  depends  on  the  properties  of  the  bimaterial  employed  and  the 
thickness ratio for a constant thickness, t under a given temperature change (∆T). Using 
equation (2.7) a non-dimensional parameter, MI, termed the moment index is defined 
which is given by 
 
n
I
1 M
1
( ) 2
M
M
E Z ∆α
= =                  (2.16) 
 
where,
2
n b ( ) M M t T ∆ =  is the normalised moment corresponding to  b M  and 
 
M
( 1)
( 1). Z
ξ
λξ
ξ
+
= +                  (2.17) 
 
The moment index, MI should be maximised in order to achieve maximum Mn (as well 
as Mb). Hence  M Z should be minimised subject to the condition:  
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0 λ > is constant and  0 ξ > .                (2.18) 
 
The optimal thickness ratio for a given pair of materials that minimizes  M Z is obtained 
by 
 
M 0
Z
ξ
∂
=
∂
 for a constant λ .                (2.19) 
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Figure 2.4 Contours of optimal normalised moment,  10 no log ( ) M  for a given pair of materials. 
 
Substituting equation (2.17) in equation (2.19) gives one admissible solution for the 
optimal thickness ratio,  o ξ  that minimises  M Z and this is same as that given by equation 
(2.14). This is because the Mb developed is directly proportional to  f Θ and hence the 
optimality condition pertaining to  f Θ  also corresponds to that of Mb and hence Figure 
2.3 can also be utilized. Solving equations (2.14), (2.16) and (2.17) gives the optimal  
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normalised  moment,  no M corresponding  to  the  optimal  blocked  moment,  bo M   for  a 
given pair of materials and is given as 
 
bo 1
no 2 2
o
o
( )
.
( ) 1
2
M E
M
t T
∆α
∆ ξ
ξ
= =
  +
 
 
              (2.20) 
 
Figure 2.4 shows the contours for  10 no log ( ) M  as a function of  1( ) E ∆α and  o ξ obtained 
using  equation  (2.20).  It  is  clear  from  the  graph  that  if  one  of  the  materials  in  a 
bimaterial is replaced by another material with a lower Young’s modulus and larger 
thermal expansion coefficient, then its thickness has to be increased in accordance to the 
equation (2.14) to obtain a maximum blocked moment corresponding to that particular 
material pair. 
 
2.4.3  Optimisation of maximum work per volume (W) 
 
As illustrated by equation (2.8) the maximum work per volume (W) for an actuator is 
directly proportional to the product of the blocked moment, Mb and free-end slope,  f Θ . 
Since the optimality condition for the free end slope and blocked moment corresponds 
to the relation given by equation (2.14), the optimality condition for W also converges to 
the same relation. Using equation (2.9) a non-dimensional parameter, I E , the energy 
index can be defined:  
 
n
I 2
1 E
3
( ) 8
W
E
E Z ∆α
= =                   (2.21) 
 
where, 
2
n ( ) W W T ∆ =  is the normalised maximum work/volume corresponding to W 
 
2 3
E 2
(1 ) (1 ) 3( 1)( 1)
.
( 1)
Z
λξ ξ λ λξ ξ
λξ ξ ξ
+ + + +
= +
+
              (2.22) 
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The optimal normalised work per volume,  no W  for a given pair of materials is obtained 
by solving equations (2.14), (2.21) and (2.22) and it is given as 
 
2
o 1
no 2 2
o
o
3 ( )
.
( ) 1
32
W E
W
T
∆α
∆ ξ
ξ
= =
  +
 
 
                (2.23) 
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Figure  2.5  Contours  of  optimal  normalised  work  per  unit  volume,  10 no log ( ) W   for  a  given  pair  of 
materials. 
 
Figure 2.5 shows a plot of  10 no log ( ) W for a  given pair of  materials as a function of 
2
1( ) E ∆α and  o ξ  based on equation (2.23). 
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2.5 Candidate materials for bimaterial actuator design 
 
Before exploring the optimal choice of materials and their corresponding thickness ratio 
it  is  worthwhile  to  understand  the  trade-offs  between  force  and  displacement  for  a 
restricted combination of commonly used MEMS materials. Table 2.1 list the properties 
of  a  limited  range  of  materials,  which  have  been  previously  considered  for  MEMS 
actuators. 
 
MEMS materials set  Young’s Modulus, E 
GPa 
Thermal expansion coefficient, α  
1 1 µm.m K
− −  
Al  ~ 68  ~ 24 
Au  ~ 77  ~ 14.4 
Cu  ~ 110  ~ 16.4 
Diamond-like Carbon (DLC)  ~ 700  ~ 1.2 
Ni  ~ 207  ~ 13.1 
Polyimide (a typical polymer)  ~ 4  ~ 20 
Si ( Polycrystalline)  ~ 165  ~ 2.5 
SiC  ~ 460  ~ 4.5 
Si3N4  ~ 260  ~ 2.8 
SiO2  ~ 75  ~ 0.4 
 
Table 2.1 Material properties of conventional materials employed in MEMS design. 
 
Figure 2.6 shows a comparison of the operating characteristics (normalised moment vs. 
normalised slope) of thermal bimaterial actuators made of metals and polymer (Ni, Cu, 
Al,  Au  and  polyimide)  on  various  substrates  (SiOx,  SiNx,  DLC,  SiC  and  Si)  for  a 
particular thickness ratio ( 0.5 ξ = ). It is apparent that there are significant differences in 
performance among the limited choices considered. Graphs of the form shown in Figure 
2.6, which correspond to equations (2.10) and (2.16), are useful in selecting an optimal 
material  pair  for  a  fixed  value  of  thickness  ratio,  ξ   within  the  range  of  choices 
considered. 
 
Figure 2.7 shows comparison of the energy index ( I E ) at different thickness ratios, ξ  
for  the  same  range  of  thin  films  on  different  substrates.  This  set  of  curves, 
corresponding to equation (2.21) illustrates that there is an optimum thickness ratio for a 
given pair of materials at which maximum work can be delivered. The graphs shown in 
Figure 2.7 are useful in identifying the best thickness ratio for a given pair of materials.  
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Figure 2.6 Comparison of the operating characteristics of bimaterial actuators made of different substrates 
with (a) Nickel, (b) Copper, (c) Aluminium, (d) Gold, and (e) Polyimide for ξ = 0.5. 
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Figure 2.7 Comparison of the energy indices of (a) Nickel, (b) Copper, (c) Aluminium, (d) Gold, and (e) 
Polyimide on different substrates. 
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Table 2.2 shows the maximum  no W that can be achieved for different thin films on the 
various substrates considered. 
 
In order to make a more effective selection spanning the material domain it is essential 
to take a different strategy. Ashby has shown the utility of employing selection maps 
[17] by classifying the  material kingdom into specific  classes within the domain of 
various  material  properties.  These  selection  maps  can  be  modified  for  the  current 
purpose of materials selection for thermal bimaterial actuators.  
 
By  fixing  the  properties  of  one  material,  it  is  possible  to  plot  contours  of  iso-
performance  on  the  selection  map  for  a  wide  range  of  available  materials.  New 
materials for thermal bimaterial actuators can be explored by plotting contours of Wno in 
the  domain  of  governing  properties  (Young’s  modulus,  E  and  thermal  expansion 
coefficient, α). Figure 2.8 shows contours of  10 no log ( ) W plotted with respect to a silicon 
substrate. New candidate materials for any substrate can be identified by comparing the 
performance contours corresponding to it with other candidate materials. 
 
Figure 2.9 shows contours for optimal performance with reference to silicon overlaid on 
Ashby’s  selection  map  in  the  domain  of  E-α.  The  contour  lines  corresponding  to  
10 no log ( ) M  are linear and parallel to constant Eα lines in the Ashby’s chart while the 
contours of  10 no log ( ) W  are parabolic. Both these contours become asymptotic at the 
properties of silicon. Contours of  10 no log ( ) Θ are straight lines parallel to the abscissa 
because Θno is independent of Young’s modulus of the materials as shown in equation 
(2.15). 
 
It is clear from this plot that engineering polymers and engineering alloys promise the 
highest Wno on a silicon substrate within the range considered. Critical examination of 
materials  in  these  classes  reveals  polymers  (polymethylmethacrylate  (PMMA), 
polystyrene (PS), nylon, melamine (MEL), polydimethylsiloxane (PDMS)) and metals 
(beryllium, steel, zinc,  copper), which have not been widely  considered for thermal 
bimaterial actuators. It should be noted that the polymers require a very large thickness 
on  silicon  substrates  to  compensate  for  their  low  Young’s  modulus,  which  may  be 
inadmissible in some applications.  
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Thin  film materials 
Substrate Materials  Ni  Cu  Al  Au  Polyimide 
SiO2  0.42  0.52  0.90  0.32  0.09 
Si3 N4  0.57  0.70  1.25  0.38  0.09 
DLC  1.16  1.23  1.93  0.67  0.11 
SiC  0.51  0.66  1.26  0.33  0.08 
Si  0.49  0.60  1.09  0.34  0.08 
Table  2.2  Optimal  normalised  maximum  work  per  volume,  Wno  for  different  thin  films  on  various 
substrates considered. The units are in 
3 2 Jm K
− − . 
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Figure 2.8 Contours of log10 (Wno)  for different materials on a silicon substrate.  
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Figure 2.9 Contours of equal performance for different classes of materials on a silicon substrate plotted on Ashby’s selection chart [17]. 
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Optimisation based on  no W is useful for identifying materials capable of delivering both 
large moment and slope. Table 2.3 shows a comparison of the performance of a few 
engineering  polymers  and  alloys  that  deliver  Wno  significantly  greater  than  ~  0.01 
Nm.m
−3 K
−2 (i.e. 10 no log ( ) 1 W > − ) on three different substrates (Si, SiO2 and PMMA). 
As expected, polymers deliver large slope and small moment while metals deliver vice-
versa. For applications such as micropumps, where work per unit volume is the relevant 
metric, it is desirable to use materials capable of delivering a reasonably large moment 
and slope.  
 
Materials such as Epoxies, Zn, Al, Mg, PDMS, MEL, Pb, Cu, Steel and Ni on Si/SiO2 
substrates  and  Ti,  Zn  on  a  PMMA  substrate  deliver  a  reasonably  large  Wno  with 
corresponding  Mn  varying  between 
6 6 3 1 0.04 10 - 0.4 10 Nm.m K
− − × ×   and  Θn  between 
6 6 1 20 10 -90 10 K
− − − × × . Some of these combinations have not been considered so far for 
thermal bimaterial actuators for applications requiring a large work per volume. Figures 
2.10a and 2.10b show contours of  10 no log ( ) W plotted with reference to SiO2 and PMMA 
substrates respectively. 
 
A similar analysis is carried out to identify the materials that can be considered for large 
moment applications. Table 2.4 lists a selection of materials identified from such plots 
for  no M significantly  greater  than  ~ 
5 3 1 10 Nm.m K
− −   for  the  same  three  different 
substrates. It is clear from this result that few engineering alloys and ceramics, including 
Zn, Al, Mg, Steel, Ni,  Be, Cu and  Zr2O3 on Si/SiO2 deliver a large moment while 
polymers deliver a relatively small force. Figures 2.11a and 2.11b show contours of 
10 no log ( ) M with reference to SiO2 and PMMA respectively. 
 
For applications where a large slope is the relevant metric, materials such as PP, Nylon, 
PMMA,  PDMS,  Epoxies  and  PS  on  Si  or  SiO2,  Ge,  BeO,  Nb,  Invar  and  ceramic 
substrates deliver Θno of order 10
−4 K
−1. Therefore it is apparent from Figure 2.9 that 
polymers can be considered favourably for such applications although the non-linear 
time and temperature dependent response of polymers require further consideration.  
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PMMA [ E1 = 2.5 GPa, α1 = 75 µm.m
─1K
─1]  Si [ E1 = 165 GPa, α1 = 2.49 µm.m
─1K
─1]  SiO2 [E1 = 75 GPa, α1 = 0.4 µm.m
─1K
─1] 
E2  α2 
Wno  Mn × 10
−6  Θn × 10
6  ηm  Wno  Mn × 10
−6  Θn × 10
6  ηm  Wno  Mn × 10
−6  Θn × 10
6  ηm 
S. No  
Candidate 
Materials  GPa  µm.m
─1K
─1  Jm
−3K
−2  Nm.m
−3K
−1  K
─1    Jm
−3K
−2  Nm.m
−3K
−1  K
─1    Jm
−3K
−2  Nm.m
−3K
−1  K
─1   
1  Al  68  24  0.43  0.04  77  0.02  1.09  0.27  32  0.05  0.93  0.21  35  0.05 
2  Al2O3  370  7  0.91  0.07  101  0.05  0.13  0.15  7  0.01  0.16  0.12  11  0.02 
3  B  320  8  0.88  0.07  100  0.05  0.18  0.16  9  0.02  0.20  0.13  12  0.02 
4  Be  303  12  0.79  0.07  95  0.03  0.42  0.25  14  0.02  0.39  0.19  17  0.02 
5  BeO  345  7  0.92  0.07  102  0.06  0.11  0.13  7  0.01  0.14  0.12  10  0.02 
6  Cast Iron  165  12  0.74  0.06  95  0.04  0.35  0.20  14  0.03  0.34  0.16  17  0.03 
7  Cu  110  16  0.61  0.06  88  0.03  0.60  0.23  21  0.04  0.54  0.18  24  0.04 
8  DLC  700  1.2  1.14  0.08  111  0.15  -  -  -  -  -  -  -  - 
9  Epoxies  2  55  -  -  -  -  0.42  0.04  79  0.12  0.41  0.04  82  0.14 
10  Ge  102  6  0.84  0.06  104  0.10  -  -  -  -  -  -  -  - 
11  Invar  145  0.4  1.02  0.07  112  0.14  -  -  -  -  -  -  -  - 
12  MEL  8  40  0.12  0.02  53  0.01  0.71  0.10  56  0.10  0.67  0.09  59  0.10 
13  Mg  45  26  0.37  0.04  73  0.02  1.01  0.23  35  0.06  0.88  0.18  39  0.06 
14  Nb  105  7  0.81  0.06  102  0.08  -  -  -  -  0.10  0.08  10  0.04 
15  Ni  207  13  0.73  0.06  93  0.03  0.49  0.24  16  0.03  0.44  0.19  19  0.02 
16  Nylon  0.62  80  -  -  -  -  0.31  0.02  116  0.12  0.31  0.02  119  0.16 
17  Pb  14  29  0.24  0.03  69  0.02  0.56  0.11  40  0.09  0.53  0.10  43  0.09 
18  PDMS  4  60  -  -  -  -  0.93  0.09  86  0.12  0.88  0.08  89  0.12 
19  PMMA  3  75  -  -  -  -  0.98  0.07  109  0.13  0.93  0.07  112  0.13 
20  PP  2  120  0.11  0.01  68  0.00  2.10  0.10  176  0.14  1.98  0.09  179  0.14 
21  PS  3  73  -  -  -  -  1.07  0.08  105  0.13  1.02  0.08  108  0.13 
22  Si  165  2.5  0.93  0.07  109  0.12  -  -  -  -  -  -  -  - 
23  Si3N4  300  2.8  1.03  0.08  108  0.12  -  -  -  -  -  -  -  - 
24  SiO2  75  0.4  0.93  0.07  112  0.13  -  -  -  -  -  -  -  - 
25  Steel  207  13  0.73  0.06  93  0.03  0.49  0.24  16  0.03  0.44  0.19  19  0.02 
26  Ti  110  9  0.77  0.06  99  0.07  0.13  0.11  10  0.03  0.16  0.10  12  0.03 
27  W  400  4  1.01  0.08  106  0.09  -  -  -  -  -  -  -  - 
28  Zn  97  31  0.33  0.04  66  0.01  2.40  0.45  43  0.05  1.89  0.33  46  0.04 
29  Zr2O3  200  12  0.75  0.06  95  0.04  0.38  0.22  14  0.03  0.36  0.17  17  0.03 
 
Table 2.3 Candidate materials for thermal bimaterial actuators which can deliver large Wno on different substrates.  
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(b) 
Figure 2.10 Contours of log10(Wno)  with reference to (a) SiO2 substrate, (b) PMMA substrate.  
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Mno × 10
−6 
E2  α2  PMMA [E1, α1]  Si [E1, α1]  SiO2 [E1, α1]  S. No 
 
Candidate 
materials 
  GPa  µm.m
─1K
─1  Nm.m
─3.K
─1  Nm.m
─3.K
─1  Nm.m
─3.K
─1 
1  Al  68  24  -  0.23  0.21 
2  Al2O3  370  7.4  0.07  0.11  0.12 
3  B  320  8.3  0.07  0.13  0.13 
4  Be  303  11.5  0.07  0.20  0.19 
5  BeO  345  7  0.07  0.10  0.12 
6  Cast Iron  165  12  0.06  0.16  0.16 
7  Cu  110  16.4  0.06  0.19  0.18 
8  DLC  700  1.18  0.08  -  - 
9  Epoxies  2  55  -  -  - 
10  Ge  102  5.75  0.06  -  0.06 
11  Invar  145  0.36  0.07  -  - 
12  MEL  8  40  -  0.09  0.09 
13  Mg  45  26.1  0.04  0.20  0.18 
14  Nb  105  7.3  0.06  0.07  0.08 
15  Ni  207  13.1  0.06  0.20  0.19 
16  Nylon  0.62  80  -  -  - 
17  Pb  14  29.1  -  0.10  0.10 
18  PDMS  4  60  -  0.08  0.08 
19  PMMA  2.5  75  -  0.07  0.07 
20  PP  2  120  -  0.09  0.09 
21  PS  3  72.5  -  0.08  0.08 
22  Si  112  2.49  0.07  -  - 
23  Si3N4  300  2.8  0.08  -  - 
24  SiO2  75  0.4  0.07  -  - 
25  Steel  207  13.1  0.06  0.20  0.19 
26  Ti  110  9  0.06  0.09  0.10 
27  W  400  4.3  0.08  0.04  0.07 
28  Zn  97  31.2  0.04  0.37  0.33 
29  Zr2O3  200  12  0.06  0.17  0.17 
 
Table 2.4 Candidate materials for thermal bimaterial actuators which can deliver large Mno on different 
substrates. 
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(b) 
Figure 2.11 Contours of log10(Mno) with reference to (a) SiO2 substrate, (b) PMMA substrate. 
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Another factor to be considered in materials selection based on work per volume is the 
mechanical  efficiency  of  the  actuator,  m η   which  is  defined  here  as  the  ratio  of  the 
maximum work per volume, W of a thermally actuated bimaterial to the total strain 
energy per volume of the two individual material layers that constitutes the bimaterial. 
From Table 2.3 it is clear that, although polymers deliver a much lower moment, they 
offer higher efficiency on the various substrates considered compared to metals. 
 
2.6 Materials selection process for BMET actuators 
 
The  choice  of  a  particular  material  for  an  actuator  design  also  depends  on  its 
compatibility with the fabrication process, the ability to achieve the desired shape and 
the functionality  required [17]. The methodology  for materials selection for thermal 
bimaterial  actuators  described  in  the  previous  section  is  based  on  the  mechanics  of 
actuation.  This  reveals  a  few  candidate  materials  from  the  large  set  of  materials 
available. However, the success of an actuator design depends on the extent to which 
the defined performance metrics capture the overall required performance. Therefore 
the suitability of these candidate materials for a thermal bimaterial actuator has to be 
further  explored  by  considering  additional  factors  such  as  the  maximum  actuation 
temperature, power requirements, dissipation effects due to heat loss, compatibility with 
micromachining and of course, the cost. Chapter 3 analyses the influence of some of 
these additional factors, which could further refine the materials selection process.  The 
key aim of this analysis is to obtain a ranking of different material combinations during 
preliminary  design.    Therefore,  the  present  materials  selection  strategy  has  not 
accounted for the variation in material properties due to temperature  and scale, and 
assumes  a  linear  elastic  material  model  for  all  classes  of  materials  over  the  entire 
temperature  range  for  small  deflections.  Clearly  this  would  lead  to  an  inaccurate 
estimate  of  the  performance,  particularly  for  polymers.  Nevertheless,  the  present 
approach has utility in selecting candidate materials for thermal bimaterial actuators.  
 
In  the  preliminary  design  phase,  the  candidate  materials  are  selected  based  on  the 
primary  performance  requirements  as  described  by  the  performance  metrics  defined 
herein.  These  candidate  materials  need  to  be  further  filtered  based  on  other 
considerations such as maximum actuation temperature which is also limited by the  
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yield/fracture strength of the materials at the microscale, power requirements which are 
determined by the electrical property (i.e. resistivity) of the materials, heat dissipation 
which is dictated by the thermal properties (thermal conductivity and emissivity) and 
flow  physics  (convective  effects)  and  the  residual  stresses  developed  during 
micromachining  processes.  Besides  these  design  constraints,  application  specific 
requirements  such  as  response  time,  sensitivity,  linearity  and  resistance  to 
oxidation/corrosion in the ambient environment will also have a bearing on the selection 
of the materials. However, for many applications, there is likely to be a finite, small 
temperature difference, ~100 K, which is well within the capabilities of almost all the 
materials  explored.  For  such  applications  the  process  described  herein  is  directly 
applicable. 
 
Perhaps  the  most  significant  result  of  this  work  is  the  confirmation  that  existing 
microfabricatable materials (such as aluminium and silicon) offer good options for high 
performance  thermal  bimaterial  actuators.  The  order  of  Wno  for  DLC  on  metallic 
substrates such as Ni, Cu and Al is same as Al on Si. Therefore for high work or force 
actuators,  Al  on  Si  (Wno  =1.09  Jm
−3K
−2,  Mno  =  0.23  ×10
−6  Nm.m
−3K
−1),  is  a  very 
capable material combination that is significantly bettered only by Zn on Si (Wno = 2.4 
Jm
−3K
−2, Mno = 0.37×10
−6 Nm.m
−3K
−1).  For high displacement actuators, PMMA on Si 
(Θn  = 
6 1 108.7 10 K
− − × ) is comparable to any other choice. This observation also applies 
to possible alternate substrates, such as SiO2 or PMMA, which despite their extreme 
values of thermal expansion coefficient do not provide significant improvements over Si 
as the substrate material. A majority of materials belonging to different classes in the E-
α domain lies approximately between 0.1 and 10
3 2 Jm K
− − . Hence improvement in Wno 
beyond this order of magnitude is not achievable by optimal materials selection. 
 
Zinc is one candidate that has not been used so far for microelectrothermal actuators 
despite its potentially superior performance to aluminium. Zn/ZnO films of up to a few 
microns  can  be  grown  on  silicon  substrates  by  sputter  deposition  [35,  36].  Few 
published  works  are  available  characterising  zinc  film  properties  relevant  to 
microsystems applications. Therefore, the feasibility of using zinc for thermal bimaterial 
actuators would require a detailed investigation. By contrast, PMMA films of up to a  
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few hundreds of microns can be coated on silicon by conventional spin coating, which 
is a proven fabrication route [37]. 
 
An  important  outcome  of  the  present  work  is  the  evolution  of  a  strategy  for  the 
systematic selection of suitable candidate materials for bimaterial microelectrothermal 
actuators. This strategy can also be applied to select suitable candidate materials for 
other types of actuators such as piezoelectric, magnetostrictive and shape memory. The 
governing mechanics for these actuators is based on the relationship connecting the 
structural response, the field strength and the material parameters (piezoelectric strain 
coefficients  for  piezoelectric  actuation  and  magnetostrictive  coefficients  for 
magnetostrictive actuation). 
 
2.7 Summary 
Closed form relations for thermoelastic performance metrics were derived using beam 
theory by applying structural mechanics relations. These performance metrics (free-end 
slope,  blocked  moment  and  work  per  volume)  that  determine  the  operating 
characteristics of a bimaterial actuator were optimised for maximum performance for a 
given material pair and their corresponding optimal thickness ratios were evaluated. The 
suitability  of  conventional  semi-conductor  materials  for  micromechanical  transducer 
design was discussed relevant to performance enhancement and new candidate materials 
were obtained for silicon substrates by plotting iso-performance contours. Finally, an 
analytical framework for selecting novel material combinations for thermal bimaterial 
actuators was presented, which could serve as a useful tool for identifying potential 
candidate materials for other actuation schemes in bimaterial architecture.  
Although  a  few  promising  candidates  for  various  functional  requirements  were 
identified  based  on  their  thermoelastic  response,  the  overall  performance  of  BMET 
actuators are affected by the electrothermal response as well, which is characterised by 
the parameter  T ∆  whose  effects are normalised in the  analysis done so far. Hence 
design studies based on the electrothermal response has to be carried out to identify 
potential  material  combinations  satisfying  both  thermoelastic  and  electrothermal 
functional requirements. Chapter 3 discussed the relevant electrothermal analysis for the 
purpose of materials selection for BMET actuators.      35 
Chapter 3   
Effect of Heat Transfer on Materials Selection for Bimaterial 
Electrothermal Actuators 
 
3.1 Effect of electrothermal heating on the actuator response 
 
The  transduction  mechanism  in  electrothermal  actuation  is  characterised  by  the 
deliverance  of  output  kinetic  energy  by  electrothermal  heating  of  the  mechanical 
structures.  This  requires  best  performance  not  only  in  the  thermoelastic  domain  as 
discussed in chapter 2 but also in the electrothermal domain as well which is signified 
by the term  T ∆  in equations (2.4). Seldom will a material have properties delivering 
maximum performance in all the governing physical domains of a system.  The analysis 
discussed in this chapter is focussed on the influence of electrothermal heat transfer 
analysis on the materials selection for BMET actuator structures.  
 
There have been a few published works on electrothermal heat transfer in microsystems, 
including: Estimation of the time constant and lateral resonances of Al-Si bimaterials 
[38] for resonant sensors and microswitches applications, an experimental investigation 
of the electrothermal behaviour of a Diamond-like Carbon (DLC) - Ni microcage device 
for handling living biological cells [19], estimation of the temperature field in an SU8-
Pt polymeric microgripper [20] by numerical simulations, evaluation of the transient 
thermal field of an Au-Si micro cantilever actuated by a laser pulse for wireless MEMS 
applications [39] and the effect of electrical/thermal properties on the temperature of 
silicon  micro  cantilevers  used  in  atomic  force  microscopy  for  nanotopographic 
measurements  [40].  All  these  works  analysed  the  performance  of  specific  BMET 
actuators employed in different microsystems for various applications. However, a more 
generalised electrothermal analysis to guide the materials selection for realising high 
performance actuators has not been previously attempted. The present analysis aims to 
identify promising candidates for BMET actuators at small scales (10µm 1mm L ≤ ≤ ) 
by building on previous works focussed on the overall selection of actuation principles, 
at the macro [5] and micro [6] scales. 
 
The key performance metrics for BMET actuators depends on both thermoelastic and 
electrothermal  responses  of  the  bimaterial  i.e.,  the  displacement  (slope),  force   36 
(moment),  work  per  unit  volume  per  cycle,  the  actuation  frequency  and  the 
effectiveness. This chapter therefore discusses a strategy for selecting suitable candidate 
materials  for  bimaterial  structures  based  on  electrothermal  heat  transfer  analyses  in 
order to improve the performance. The process of materials selection explained here 
follows the previous chapter in which displacement, force and work per unit volume of 
the actuators were maximised for a constant, uniform temperature difference. Therefore 
the  resulting  set  of  materials  identified  in  these  two  studies  would  be  promising 
candidates for BMET actuators. The objective of the present analysis is to develop an 
analytical  framework  for  materials  selection  for  BMET  actuators  considering 
electrothermal heat transfer effects.  
 
The  relevant  performance  metrics  for  BMET  actuators  which  depend  on  the  heat 
transfer  response  are  the  actuation  frequency,  effectiveness  and  electromechanical 
efficiency. A high actuation frequency is required for applications such as micromirror 
devices [9], microgrippers, fibre optic switches [28] and boundary layer flow control 
devices. Effectiveness is defined here as a measure of displacement or force or work 
achieved within a cycle per unit electrical energy consumed; the choice is dependent 
upon the application. The characteristic electromechanical efficiency is defined here as 
the ratio of the total mechanical work done by the actuator to the electrical energy 
supplied.  
 
The competition between different modes of heat transfer which constitutes the total 
heat transfer loss varies according to the actuator scales. This variation in the competing 
heat transfer modes affects the thermomechanical response of the actuators. The effect 
of scaling and its influence on the response which eventually determines the materials 
selection is therefore addressed.  
 
This  chapter  is  organised  as  follows.  Section  3.2  gives  an  overview  of  the 
thermomechanical design of BMET actuators. Section 3.3 discusses the evaluation of 
the equivalent thermal properties of a bimaterial. Evaluation of the steady state and 
transient  thermal  responses  of  a  bimaterial  are  presented  in  Sections  3.4  and  3.5 
respectively. Section 3.6 discusses the estimation of the functional effectiveness and the 
electromechanical efficiency of a bimaterial. Section 3.7 illustrates the application of 
heat  transfer  models  for  materials  selection.  Section  3.8  discusses  the  influence  of   37 
scaling  and  heat  transfer  on  the  materials  selection  for  BMET  actuator  structures. 
Section 3.9 summarises the key inferences drawn from this analysis. 
 
3.2 Thermomechanical design of a BMET actuator - An overview 
 
Figure  3.1  shows  a  schematic  of  an  electrothermally  actuated  bimaterial  cantilever 
structure. The relevant material properties are Young’s modulus (E), thermal expansion 
coefficient (α), thermal conductivity (κ), thermal emissivity (
t ε ), specific heat capacity 
(C) and density (ρ). The subscripts 1 and 2 correspond to the respective material layers. 
The thicknesses of the two layers are  1 t  and  2 t respectively. The width of the beam is b 
and its length is L. The base and ambient temperatures are  b T and T∞respectively. The 
relevant  optimal  performance  metrics  to  gauge  the  maximum  quasi-static 
thermomechanical  response  obtained  from  a  bimaterial  are  given  by  the  equations 
(2.15), (2.20) and (2.23). These equations can be rewritten as 
 
Figure 3.1 Schematic of a bimaterial cantilever heated electrically. 
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where Θfo, Mbo and Wo are the optimal thermomechanical responses for a given pair of 
materials.  The  normalised  optimal  responses,  Θno,  Mno  and  Wno  are  the  respective 
material parameters which correspond to the optimal slope, blocked moment and work 
per unit volume for a given geometry and temperature difference.  
 
The estimates of the performance given by equations (3.1), (3.2) and (3.3) are exact 
only if the temperature of the bimaterial is constant along its length. However, in reality, 
the variable ∆T is not constant owing to heat generation along the conducting path. It is 
a non-linear function of electrical and thermal properties of the materials employed for a 
given geometry. The present study therefore considers the average temperature in the 
evaluation of the variable ∆T. Since for an optimal response, the ratio of thicknesses of 
the bi-layers is a function of the elastic moduli ratio of the bimaterial (equation (2.14)), 
it  is  possible  to  express  T ∆   as  a  function  of  mechanical,  electrical  and  thermal 
properties. The present analysis investigates the influence of the competing heat transfer 
modes on  T ∆  which in turn affects the thermomechanical response of the bimaterial. A 
detailed heat transfer analysis is required for more complicated actuator geometries. 
 
A BMET actuator is a microscale structure with in-plane dimensions in the range of 10-
1000 µm. Actuation is typically achieved by resistive heating followed by uncontrolled 
cooling. The small scale allows a lumped heat capacity formulation to be used as the 
surface convective resistance is large compared to the internal conduction resistance. 
This is quantified by the Biot number, Bi [41] which is given by   39 
c
eq
hL
Bi
κ
=                     (3.4) 
 
where  c s L V A = is the characteristic length which is given by the ratio of the volume, V 
to the surface area, As of the actuator, κeq is the equivalent thermal conductivity of the 
actuator materials  and h is the heat transfer  coefficient of the actuator  surface. The 
surface  area  to  the  volume  ratio  for  microscale  structures  is  usually  very  large  and 
therefore the Biot number is very small (~ 0.01-0.1) which justifies the use of a lumped 
heat capacity model. 
 
3.3 Evaluation of equivalent thermal properties 
 
From  equation  (2.14)  it  is  clear  that  the  optimal  thickness  ratio  of  the  bimaterials 
depends only on the ratio of the Young’s moduli and is independent of the thermal 
expansion coefficients of the materials. Therefore the equivalent thermal properties of a 
bimaterial with an optimal thickness ratio also depend on the Young’s moduli of the 
bimaterials.  The  equivalent  thermal  properties  relevant  to  the  present  analysis  are 
thermal  conductivity,  volume  specific  heat  and  thermal  emissivity.  Furthermore,  the 
power generated per unit volume due to Joule heating also must be evaluated for the 
thermal analysis. 
 
3.3.1 Equivalent thermal conductivity, κeq 
 
The equivalent thermal conductivity, κeq is defined as the property of an equivalent 
homogenous  material  of  unit  thickness  and  unit  area  of  cross  section  which  when 
maintained  under  a  unit  thermal  gradient  would  transfer  the  same  energy  as  the 
bimaterial layers under the same conditions and it is given as 
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3.3.2 Equivalent volume specific heat, (ρC)eq 
 
The equivalent volume specific heat, (ρC)eq is similarly defined as 
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+
                (3.6) 
 
 
3.3.3 Equivalent emissivity, 
t
eq ε  
 
The equivalent emissivity, 
t
eq ε  is defined as the property of an equivalent homogenous 
material  which  would  emit  the  same  amount  of  radiation  from  its  surface  when 
maintained at a given temperature as the bimaterial layers under the same conditions. 
The expression for the equivalent emissivity is given as  
 
t t
t 1 1 2 2
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( ) ( )
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ε ε
ε
+ + +
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+
                (3.7) 
 
3.3.4 Power generated per volume, q ￿  
 
The heating element in the actuator is usually one of the bimaterial layers; typically the 
one which generate nominal current densities (
9 2 10 Am
− ∼ ) as used in IC’s using a small 
voltage  source.  Silicon,  being  the  most  commonly  employed  substrate  material  in 
microsystems, is often considered as the heating element because its electrical resistivity 
can  be  varied  over  a  wide  range  (
3 7 10 - 10
− Ωm)  by  doping  with  boron  [42].  The 
electrical conducting path runs along the U shaped heating element as shown in Figure 
3.1. End effects are ignored and the length of the conductor is assumed to be 2L. The 
power generated per unit volume of the actuator when heated by a constant voltage 
source is given as 
 
( )
2
2
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V
q
L ρ ξ
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+
￿                   (3.8)   41 
where V is the constant actuation voltage used for Joule heating and  r ρ  is the resistivity 
of the heating element. The effect of any insulating oxide layer sandwiched between the 
bimaterial layers is ignored in the present analysis. 
 
3.4 Steady state temperature field of a bimaterial cantilever  
 
Figure 3.2a shows a one dimensional heat transfer model of a cantilever beam with 
equivalent  thermal  properties  heated  electrically  by  a  constant  voltage  V.  The  base 
which acts as a heat sink is maintained at a constant temperature, Tb and the ambient 
temperature isT∞.  The cross sectional area of the beam is  × b t and the perimeter of the 
cross  section  is  2 ( ) b t × + .  The  total  heat  generated  due  to  electrical  heating  is 
dissipated by conduction, convection and radiation. The heat transfer at the free end of 
the beam at x = L is negligible and therefore modelled as a thermally insulated section.  
 
 
Figure 3.2 (a) Thermal model of a bimaterial cantilever; (b) Energy flow across the control volume 
considered. 
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Figure 3.2b shows the energy flow across an elemental control volume considered at a 
distance of x from the base. Let T(x) be the temperature of the control volume and dT  
be the temperature change over the length dx. The total thermal energy generated within 
the control volume is lost by diffusion to the base, convection to the surrounding fluid 
medium  and  radiation.  Using  the  energy  balance  relation,  an  expression  for  the 
temperature  field,  ( ) T x   along  the  length  of  the  beam  is  obtained  with/without 
convection and radiation effects. 
 
The temperature field considering only the conduction effects is given as: 
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                (3.9) 
 
The  accuracy  of  the  temperature  estimates  can  be  improved  by  considering  the 
convection and radiation effects. The corresponding temperature field is given by 
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where 
t
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2 ( ) h b t
m
bt κ
+
=  , 
t 2 2
t eq σ ( ( ) )( ( ) ) h h T x T T x T ε ∞ ∞ = + + + is the overall heat transfer 
coefficient, h is the convective heat transfer coefficient and 
8 2 4 σ 5.67 10 Wm K
− − − = ×  is 
the  Stefan-Boltzmann  constant.  The  characteristic  temperature  of  the  bimaterial  is 
defined  by  the  mean  temperature,  Tav  along  its  length.  For  the  temperature  field 
considering the conduction effects alone, Tav is given as:  
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For temperature field considering convection and radiation effects, Tav is given by:   43 
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where  av m  is the value of m at  av ( ) T x T = . For in-plane cantilever bimaterial structures 
suspended on a wafer, the effect of gas conduction significantly affects the temperature 
of the structures if the thickness of the trapped fluid film between the wafer and the 
structures is very small (a few microns). However, for a large fluid film thickness (a few 
tens to hundreds of microns), the gas conduction has less influence on the temperature 
of the structures owing to free convective currents. The accuracy of the temperature 
estimates predicted in this study is reasonably good for large thickness of the trapped 
fluid film.     
 
Using equation (3.11) a parameter called the electrothermal power index, PI is defined 
considering the heat transfer loss due to conduction only and it is given by 
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I P   is  a  material  dependent  parameter  which  gives  a  measure  of  the  achievable 
temperature for a bimaterial of fixed length when heated by a source generating unit 
power per volume of the material. Since materials selection is generally based on the 
relative estimates of the performance, convective effects are ignored in the evaluation of 
the  I P  as they do not have any bearing on the selection criteria.  
 
3.5 Transient thermal response of a bimaterial cantilever  
 
The actuation frequency of BMET actuators depends on the time taken by the actuators 
to heat and cool alternately between the prescribed operating temperatures. The time 
taken by the actuators to be heated to a given temperature can be controlled to a certain   44 
extent  by  altering  the  electrical  resistivity  of  the  heating  element  (e.g.  silicon)  by 
doping.  The  cooling  phase  is  usually  uncontrolled,  and  it  depends  on  the  thermal 
properties of the substrate materials and the ambient conditions. If Tp and Tv are the 
peak and valley temperatures (Tp > Tv) between which a bimaterial actuator operates, 
then the time corresponding to heating ( h t′ ) and cooling ( c t′) phases can be obtained by 
solving  the  implicit  transient  thermal  model  using  numerical  integration.  The 
temperature at any time step corresponding to the heating phase of the cycle is given by: 
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For cooling phase of the cycle, the temperature at any time step is given as 
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where 
i T  and 
1 i T
+  are the temperatures of the bimaterial at the successive instants 
t′and t t ∆ ′ ′ + ,  t q ￿  is the constant electrothermal power generated per unit volume during 
the  heating  phase, 
2
o eq eq ( ) F t C L κ ∆ ρ ′ =   is  the  Fourier  number  and 
2
eq 2 ( ) Bi h b t L bt κ = +  is the Biot number. 
 
The losses associated with the heating phase for a high constant electrothermal power 
generation per unit volume (
12 13
t ~10 - 10 q ￿ Wm
−3) is usually low ( t 0.1q < ￿ ). As a result, 
the electrical energy supplied can be assumed to be equal to the internal thermal energy 
stored within the bimaterial when raised from Tv to Tp. Therefore, for a linear ramp up 
from Tv to Tp the transient thermal response corresponding to the heating phase given by 
equation (3.14) reduces to 
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Since the electrothermal heating rate is faster than the cooling rate by an order of ~ 10
1-
10
2, it can be ignored in the computation of the cyclic frequency.  The characteristic 
actuation frequency can thus be evaluated as 
 
c
1
. f
t
≈
′
                    (3.17) 
 
For  h 110 t f ′ =  the electrothermal power generated per unit volume of the bimaterial 
during heating phase can be evaluated from equation (3.16) in terms of the actuation 
frequency and it is given as 
 
( ) t p v eq 10 ( ). q f C T T ρ = − ￿                 (3.18) 
 
It should be noted that the actuation frequency depends on the operating temperatures, 
Tp and Tv for the given pair of materials and the length scale.  
 
3.6 Effectiveness and efficiency of a BMET actuator 
 
A  thermomechanical  design  criterion  which  governs  materials  selection  for  many 
BMET actuators is the displacement or force or work per cycle achieved for the given 
amount of electrical energy supplied. Therefore the effectiveness of BMET actuators is 
quantified here based on the optimal displacement or force or work per cycle achieved 
from a given pair of materials for unit electrical energy consumed. The effectiveness 
can  be  either  displacement  (slope)  based,  Θeff,  force  (moment)  based,  Meff  or  work 
based, Weff. Designing an actuator with the required effectiveness is determined by the 
functional  requirements.  Using  equations  (3.1),  (3.2)  and  (3.3)  expressions  for  the 
effectiveness of the BMET actuators are obtained as 
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Functional effectiveness in the thermomechanical domain is the ability to utilise the 
available  thermal  energy  to  the  deliver  the  required  mechanical  performance 
(displacement/force/work per volume). Substituting equation (3.13) in (3.19), (3.20) and 
(3.21) effectiveness can be obtained in terms of the mechanical and thermal properties 
of the bimaterial which are given as 
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By normalising equations (3.22), (3.23) and (3.24) with respect to geometry, indices for 
effectiveness based on the displacement, force and work per cycle can be obtained as 
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where  EI EI EI , and M W Θ  are indices for effectiveness based on slope, moment and work 
respectively for a fixed geometry of actuator. 
 
 The candidate materials selected besides being functionally effective should also be 
efficient  in  performance.  Therefore,  the  electromechanical  efficiency,  ηem  is  defined 
here as the ratio of the optimal mechanical power output to the electrical power input 
for a given pair of materials. The electromechanical efficiency of a bimaterial actuator 
structure is given as 
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′ ′ ∫  is the average mechanical power output which depends 
on the transient thermal response of the bimaterial during the cooling phase for the 
temperature difference achieved with the given amount of electrical power supplied. 
The choices of materials which are functionally effective are not necessarily efficient 
because efficiency depends on the work per volume delivered for a given amount of 
input electrical energy supplied as opposed to the effectiveness which depends on the 
blocked force/displacement of the actuator. 
 
3.7 Heat transfer considerations in the materials selection 
 
The competition between the different modes of heat transfer which contribute to the 
thermal energy dissipation varies with the length scale of the bimaterial structure. As a 
consequence the thermomechanical response affecting the materials selection will also 
depend  on  scale  (10  µm  -  1  mm).  Hence,  the  performance  of  different  classes  of 
materials on a given substrate is examined as function of scale to identify promising 
candidates.   48 
Silicon is one of the most commonly preferred substrate materials for microsystems due 
to  its  wide  availability  and  ease  of  microfabrication  besides  having  favourable 
properties in the various physical domains. For illustration silicon is chosen as one of 
the bimaterial layers and is also assumed to act as the heat source. Table 3.1 shows the 
properties of single crystal silicon used for this analysis. The bimaterial is assumed to be 
actuated using a constant DC voltage source. The heat generated by the bimaterial is 
dissipated by diffusion to the base and convection to the surrounding fluid medium. The 
temperature of the base is assumed to be at, Tb = 323 K and the ambient at T∞=293 K. 
The  heat  loss  by  radiation  is  neglected  which  is  reasonable,  given  the  attainable 
temperature  limits  (~  773  K)  for  the  range  of  materials  from  different  classes 
considered.  The  steady  state  thermal  field  considering  the  combined  effect  of 
conduction and convection depends on ratio of the perimeter to the area of the cross 
section which is a function of thickness of the bimaterial considering  b t >  for most 
actuator structures. A conservative estimate of the temperature is therefore obtained by 
assuming  the  cross  section  of  the  beam  to  be  square  with 30 L t = .  The  operating 
temperature difference for most microsystems is usually about ~ 100 K. The present 
analysis aims to estimate the maximum performance limits achievable by electrothermal 
heating of bimaterial structures. Hence operating temperature range of 250 K with a 
peak temperature, Tp = 573 K is assumed in the present study considering the maximum 
temperature  permissible  in  the material  domain  (~  673  K  for  ceramic  substrates)  at 
small scales. 
 
Young’s Modulus, E1 ~ 165 GPa 
Thermal conductivity, κ1 ~150 Wm
−1K
−1 
Thermal expansion coefficient, α1 ~ 2.49 µm.m
−1K
−1 
Electrical resistivity, ρr ~ 10
-4 Ωm 
Specific heat capacity, C1 ~ 700 Jkg
−1K
−1 
Density, ρ1 ~ 2280 kgm
−3 
 
Table 3.1 Material properties of single crystal silicon. 
 
 
In order make an effective selection between the candidates, contours of equal response 
were plotted on an Ashby materials selection chart [17] in the domain of the governing 
properties.  Materials which lie close to the contours indicating a high response were 
then considered for further detailed analysis.  
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The  materials  selection  for  BMET  actuators  is  driven  by  the  electrothermal  and 
thermoelastic performances of the bimaterials. Therefore, the performance of different 
classes of materials on silicon is evaluated on these considerations to identify novel 
material combinations. The electrothermal characteristics of different materials can be 
better understood if contours of  I P  are plotted in the domain of relevant properties. 
Figure 3.3a shows contours of equal  10 I log ( ) P  plotted in the material domain (E vs. κ) 
for silicon. It is evident that  I P  for engineering polymers is greater than for engineering 
alloys/metals on silicon. Therefore, polymers require less power than metals to attain a 
given temperature. But the voltage required to attain a given temperature varies with the 
electrical resistance of the heating element which depends on the electrical resistivity of 
the substrate materials and the thickness ratio of the bimaterial layers.  A parameter 
termed  the  electrothermal  voltage  index  ( I V )  is  defined  by  eliminating  q ￿   between 
equations (3.8) and (3.13): 
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I
( ) T
V
V
∆ ρ
=                     (3.29) 
 
where  ( ) ( )
1
I eq o 12 1 1/ V κ ξ
−
= + is the voltage index of a material layer for a fixed heat 
source. The influence of  I V  on the actuation voltage is small considering the range of 
variation in the electrical resistivity of different classes of materials
9 15 (10 -10 Ωm)
− . 
 
Polymeric  substrates  would  require  much  higher  voltages  than  semiconductor  and 
metallic substrates and therefore are not preferred heating elements. Furthermore, it is 
also possible to estimate the actuation voltage for a range of materials on a given heat 
source. Figure 3.3b shows contours of  10 I log ( ) V  plotted in the material domain (E vs. κ) 
for silicon (which also acts as the heat source). It is clear from the plot that the actuation 
voltage  required  to  attain  a  given  temperature  for  different  classes  of  materials  on 
silicon varies only  within an order of magnitude (
3 4 1
I 10 -10 mKW V
− − − ∼ ) though the 
power required varies two orders of magnitude (
1 3 1
I 10 -10 mKW P
− − − ∼ ). Figures 3.4a 
and 3.4b show similar contours of  10 I log ( ) P  for DLC and Poly-Methyl-MethAcrylate 
(PMMA) substrates respectively.   50 
 
(a) 
 
 
(b) 
 
Figure 3.3 Contours of (a) 10 I log ( ) P , (b)  10 I log ( ) V  for different classes of materials on silicon which acts 
as a heat source.   51 
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(b) 
Figure  3.4  Contours  of  equal  10 I log ( ) P   for  materials  of  different  classes  on  (a)  DLC,  (b)  PMMA 
substrates.  
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The achievable temperature for different material combinations due to Joule heating can 
be  estimated  from  the  isotherm  contours  plotted  in  the  relevant  material  domains 
considering different modes of heat transfer. Figure 3.5 shows steady state isotherm 
contours (in Kelvin) obtained using equations (3.8) and (3.11) for different classes of 
materials on silicon for an optimal the thickness ratio,  o ξ considering heat dissipation 
due to conduction only. The voltage required for heating was assumed to be 5 volts 
considering the range of Tp preferred for microsystems applications.  
 
 
Figure 3.5 Comparison of the isotherms for different classes of materials on silicon with Ashby selection 
chart [17] considering heat dissipation due to conduction (V = 5 volts). 
 
 
Figures 3.6a and 3.6b show similar contours for Aluminium and PMMA substrates. 
Although the influence of materials choice on the achievable temperature is dictated by 
the  power  supplied,  it  is  also  limited  further  by  the  failure  characteristics  of  the 
materials employed (e.g. yield/fracture stress and creep/melting temperature) which are 
not  addressed  in  the  present  study.  The  effect  of  free  convection  on  the  isotherms   53 
obtained using equations (3.8) and (3.12) for lengths, L = 100 µm and 1 mm are shown 
in  Figures  3.7a  and  3.7b  respectively.  A  macroscale  value  of  the  convective  heat 
transfer coefficient, 
2 1 10 Wm K h
− − =  was assumed. Figure 3.5 and 3.7(a) are almost 
identical which confirms that conduction is dominant at smaller scales (L < 1 mm). The 
effect of free convection becomes apparent at larger scales (L > 1 mm) as shown in 
Figure 3.7b. This is attributed to the decrease in the convection resistance accompanied 
by an increase in the Biot number due to large scales.  However, even at this scale the 
variation  in  the  isotherms  is  not  very  large.  Hence  the  power  dissipated  due  to 
convective currents is minimal at small scales which further confirm the applicability of 
the lumped heat capacity formulation. 
 
The materials selection strategy for BMET actuators is based on complicated trade-offs 
between the electrothermal and thermomechanical performances. Therefore the overall 
selection  criteria  for  promising  candidates  depend  not  only  on  the  electrothermal 
response (achievable temperature difference for a given pair of materials due to Joule 
heating by constant voltage) but also on the thermomechanical response (effectiveness 
and efficiency). Establishing design trades based on the effectiveness is cumbersome 
due to the interaction between three material properties (E, α, and κ).  This complexity 
however, can be resolved if one of the governing properties is normalised (say( ) ∆α ) 
and its effect is subsequently superimposed on the resulting response. It is evident from 
equation (3.25) that polymers on silicon are effective in delivering high displacement 
within  a  cycle  for  a  given  amount  of  electrical  energy  expended.  Figure  3.8  shows 
contours  of  equal  effectiveness  indices  for  different  classes  of  materials  on  silicon 
obtained using equations (3.26) and (3.27) by normalising with respect to( ) ∆α .  
 
It  is  surprising  to  note  from  Figures  3.8a  and  3.8b  that  polymers  are  essentially 
equivalent to engineering alloys/ceramics for delivering high work or force per cycle 
considering  their  large  thermal  expansion  coefficient.  However,  the  large  thickness 
required to compensate for the low Young’s modulus may not be acceptable for many 
applications. 
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(b) 
Figure 3.6 Steady state isotherms for different classes of materials on (a) Aluminium (V = 0.1 volt), (b) 
PMMA (V = 5 volts). 
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(b) 
Figure 3.7 Isotherms for different classes of  materials on silicon considering  heat dissipation due to 
conduction and free convection for (a) L = 100 µm, (b) L = 1 mm. 
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(a) 
 
(b) 
Figure 3.8 Contours of effectiveness indices  normalised  with respect to (∆α) for different classes of 
materials on silicon (a) Contours of equal log10(MEI), (b) Contours of equal log10(WEI).   57 
Another  important  target  for  materials  selection  is  the  electromechanical  efficiency 
which  depends  on  the  maximum  mechanical  power  output  generated  from  a  given 
amount of electrothermal power supplied as given by equation (3.28). Figure 3.9 shows 
a  typical  cooling  curve  for  a  bimaterial  with  the  prescribed  range  of  operating 
temperatures. Curve a represents a realistic transient thermal response of a bimaterial 
which is a monotonically decreasing non-linear function of time, t′. The area under the 
curve bounded by the temperature limits gives a measure of the achievable temperature 
difference for delivering the work per cycle for a given pair of materials. 
 
 
Figure 3.9 A typical transient cooling curve of a bimaterial approximated by linear response. 
 
 
In order to evolve a relevant closed form solution for the efficiency metric which guides 
the materials selection, a linear transient cooling with an instantaneous heating (saw 
tooth  response)  is  assumed.  This  assumption  facilitates  to  comprehend  the  trade-off 
between the actuation frequency and the work per unit volume delivered per cycle in the 
preliminary design stage. The equation corresponding to curve b is given as 
T∞ 
Tb= Tv 
Tp 
T
e
m
p
e
r
a
t
u
r
e
,
 
T
  Curve a 
Curve b 
t'c 
Time, t′   58 
 
p p v ( ) . T T T T f t′ = − −                          (3.30)    
 
Substituting equation (3.30) in (3.28), ηem for a given material pairs can be obtained as 
 
no p v
em
eq
( 2 )
.
10( )
W T T T
C
η
ρ
∞ + −
=                       (3.31) 
 
The volume specific heat of different classes of materials is 
6.5 3 1 ~10 Jm K
− − [12] and 
therefore it can be assumed constant. Hence equation (3.31) further reduces to 
 
no p v
em 7.5
( 2 )
.
10
W T T T
η
∞ + −
=                       (3.32)  
 
Figure 3.10 shows contours of equal  10 em log ( ) η plotted in the domain of E-α for the 
assumed values of operating temperatures. Since materials from different classes are 
clustered around 
5
em 10 η
− ∼ , it is evident that  em η for all these materials on silicon is 
almost constant.  
 
The effect of temperature difference on the actuation frequency can be better understood 
if a relationship is established between the cooling rate and the operating temperature 
range. For a linear transient cooling curve from the initial temperature  p T  to the final 
temperature Tv < Tb, a relationship can be evolved between the actuation frequency and 
the operating temperatures.  
 
Substituting 
1
p v
i i T T T T
+ − = −  and
1
f
t ∆
=
′
, equation (3-15) reduces to 
 
  ( )
eq
p v v b v 2
eq
( ) ( ) ( ) .
( )
T T f T T Bi T T
C L
κ
ρ
∞
 
− = − + −    
 
                 (3.33)  
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Figure 3.10 Contours of equal efficiency,  10 em log ( ) η  for different bimaterial combinations with reference 
to a silicon substrate. 
 
 
Figure 3.11 Effect of operating temperatures on the actuation frequency and the work per volume. 
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(b) 
Figure 3.12 Contours of equal actuation frequency, log10(f) for different classes of materials on silicon for 
(a) L = 100 µm, (b) L = 1 mm at ξ = 0.5.   61 
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(b) 
Figure 3.13 Contours of equal actuation frequency, log10(f) for different classes of materials on (a) DLC 
substrate, (b) PMMA substrate at ξ  = 0.5.   62 
Figure  3.11  shows  two  curves  a  and  b  which  correspond  to  two  different  lower 
operating temperatures Tv1 and Tv2 for a constant peak operating temperature Tp. The 
slope of the curves ( p v ( ) T T f − − ) depends on the thermal diffusivity of the materials 
chosen and the length scale for a given set of operating temperatures. It is also evident 
from equation (3.33) that the actuation frequency can be increased either by decreasing 
the operating temperature range or by decreasing the actuator’s length. However, in 
either case the increase in frequency is compensated by a corresponding drop in the 
work per cycle as shown in Figure 3.11.  
 
Figures 3.12a and 3.12b show contours of equal actuation frequency for a range of 
materials on silicon plotted in the domain of governing properties (κ vs. ρC) at small (L 
= 100 µm) and large (L = 1 mm) scales respectively using equations (3.15) and (3.17). 
The initial average temperature at the instant  o 0 t′ =  was assumed to be 573 K and the 
actuator was allowed to cool down to 323 K due to conduction and free convection. It is 
clear  from  these  plots  that  the  actuation  frequency  increases  with  reducing  scale  as 
predicted by equation (3.33). Metals perform better than other classes of materials on 
silicon having a reasonably high actuation frequency ~ 1 kHz. Figures 3.13a and 3.13b 
show  similar  contours  for  DLC  and  PMMA  substrates  respectively  at  small  scale. 
Metals are capable of actuating at higher frequencies on DLC substrates compared to Si 
by about an order of magnitude. 
 
3.8 Influence of thermal response on the materials selection 
 
The  achievable  temperature  difference  is  a  system  dependent  design  variable  which 
affects the performance of different material combinations. Therefore, the design space 
available  in  the  material  domain  can  be  better  explored  for  a  given  temperature 
difference if a few promising candidates are considered for further analyses. The present 
study has not accounted for the effect of ambient temperature change on the actuator 
performance. For applications which involve a small finite ambient temperature change 
within a few degrees, the variation in the actuator performance is not appreciable and 
hence the materials selection decision is unaltered. However, if the actuators are to 
operate  in  an  environment  where  the  ambient  temperature  changes  drastically,  due   63 
consideration to the relevant electrothermal properties of materials should be given in 
order to identify potential candidates.  
 
Table 3.2 lists the properties of films from different material classes considered for the 
present study based on their optimal thermoelastic performance on silicon as discussed 
in  chapter  2.  Table  3.3  shows  the  heat  transfer  performance  of  these  films  on  Si 
substrate while Table 3.4 shows similar such estimates on other promising substrates 
(DLC, invar and PMMA). The properties of these substrates are located at the extremes 
in the material domain (Young’s modulus, thermal expansion coefficient and thermal 
conductivity) and as a result they provide an indication of the scope for exploration of 
novel candidates which can improve the performance. 
 
E2  α2  ρ2  κ κ κ κ2  C2 
S.No 
Film 
Material -2  GPa  µm.m
−1K
−1  kgm
−3  Wm
−1K
−1  Jkg
−1K
−1 
1   Al  70  24  2700  237  925 
2  Al2O3  370  7  3870  30  700 
3  B  320  8  2470  27  1024 
4  Be  303  12  1850  175  2178 
5  BeO  345  7  1850  200  1850 
6  CI  165  12  7300  35  540 
7  Cu  110  16  8960  398  385 
8  DLC  700  1.2  3500  1100  518 
9  Epoxies  2  55  1100  0.20  1500 
10  Ge  102  6  5323  60  310 
11  Invar  145  0.4  8100  13  510 
12  Mg  45  26  1850  156  1015 
13  Nb  105  7  8600  55  265 
14  Ni  207  13  8900  91  445 
15  Pb  14  29  11300
  35  125 
16  PDMS  4  60  970  0.2  1460 
17  PMMA  2  75  1190  0.2  1500 
18  PP  2  120  900  0.1  1900 
19  PS  3  73  1045  0.1  1700 
20  Si  165  2.5  2280  150  700 
21  Si3N4  300  2.8  3184  30  840 
22  SiO2  75  0.4  2150  1.2  725 
23  Steel  207  13  7700  32  490 
24  Ti  110  9  4540  22  535 
25  W  400  4.3  19250  178  133 
26  Zn  97  31  7140  120  390 
27  Zr2O3  200  12  6050  2  430 
 
Table  3.2  Properties  of  different  materials  considered  based  on  their  thermoelastic  performance  on 
silicon. 
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Si Substrate – Material 1 
PI  x 10
3  Wno  f  log10(ηem) 
 
S. No 
 
Thin Films -  
Material 2 
mKW
−1  Jm
−3K
−2  Hz    
1   Al  1.64  1.11  755  − 4.79 
2  Al2O3  3.27  0.13  399  − 5.69 
3  B  3.38  0.18  396  − 5.56 
4  Be  2.08  0.42  488  − 5.31 
5  BeO  1.96  0.11  581  − 5.84 
6  Cast Iron  3.60  0.35  267  − 5.41 
7  Cu  1.16  0.60  874  − 5.14 
8  DLC  0.72  0.01  2205  − 6.65 
9  Epoxies  22.14  0.42  73  − 5.10 
10  Ge  3.35  0.03  489  − 6.22 
11  Invar  4.20  0.02  218  − 6.76 
12  Mg  2.17  1.01  690  − 4.75 
13  Nb  3.43  0.07  392  − 5.96 
14  Ni  2.73  0.49  360  − 5.26 
15  Pb  5.47  0.56  335  − 4.93 
16  PDMS  16.39  0.93  113  − 4.70 
17  PMMA  20.06  0.98  75  − 4.77 
18  PP  22.24  2.10  70  − 4.42 
19  PS  18.59  1.07  82  − 4.72 
20  Si  2.22  0.00  750  − 
21  Si3N4  3.37  0.00  384  − 8.13 
22  SiO2  5.45  0.01  310  − 6.67 
23  Steel  3.53  0.49  287  − 5.24 
24  Ti  4.19  0.13  309  − 5.70 
25  W  2.07  0.02  651  − 6.53 
26  Zn  2.51  2.40  468  − 4.48 
27  Zr2O3  4.19  0.38  306  − 5.24 
 
Table 3.3 Performance based on heat transfer analysis of different materials on Si substrate. 
 
 
It is evident from Tables 3.3 and 3.4 that the materials selection has very little scope for 
the  improvement  of  thermomechanical  performance  of  the  BMET  actuators.  Unlike 
fluids, the thermal diffusivity of different classes of solid state materials depends largely 
on  their  thermal  conductivity  since  the  constant  volume  specific  heat  is  relatively 
constant  (
6.5 3 1 ~10 Jm K
− − ).  Therefore,  DLC  substrates  can  be  considered  for  high 
frequency  actuators  owing  to  their  large  thermal  conductivity  but  this  has  to  be 
compensated for their power index which is an order of magnitude (~10
−4 mKW
−1) less 
than for silicon and invar substrates.    65 
 
Table 3.4 Performance based on heat transfer analysis for different films on DLC, Invar, and PMMA substrates. 
DLC Substrate - Material 1  Invar Substrate - Material 1  PMMA Substrate -Material 1 
PI  x 10
4  Wno  f  log10(ηem)  PI  x 10
3  Wno  f  log10(ηem)  PI  x 10  Wno  f  log10(ηem) 
 
S. No 
 
Thin Films -  
Material 2  mKW
−1  Jm
−3K
−2  Hz     mKW
−1  Jm
−3K
−2  Hz     mKW
−1  Jm
−3K
−2  Hz    
1   Al  7.50  1.97  1520  − 4.58  2.30  1.28  366  − 4.90  0.09  0.43  159  − 5.15 
2  Al2O3  6.94  0.45  1644  − 5.22  17.05  0.25  44  − 5.66  1.35  0.91  11  − 4.82 
3  B  7.25  0.54  1638  − 5.13  17.89  0.31  43  − 5.57  1.40  0.88  10  − 4.83 
4  Be  6.15  1.10  1373  − 4.97  4.21  0.59  155  − 5.35  0.23  0.79  60  − 4.90 
5  BeO  5.84  0.38  1653  − 5.37  3.85  0.22  179  − 5.75  0.21  0.92  66  − 4.83 
6  Cast Iron  8.70  0.82  942  − 5.11  14.10  0.49  47  − 5.42  0.83  0.74  16  − 4.95 
7  Cu  5.58  1.23  1597  − 4.90  1.52  0.76  464  − 5.20  0.06  0.61  208  − 5.03 
8  DLC  3.03  0.00  4842  -  0.94  0.00  827  − 7.41  0.05  1.14  278  − 4.70 
9  Epoxies  59.52  0.49  270  − 5.04  215.71  0.45  6  − 5.14  16.67  0.02  1  − 6.42 
10  Ge  9.60  0.10  1635  − 5.72  8.64  0.08  111  − 6.04  0.40  0.84  37  − 4.83 
11  Invar  9.44  0.00  827  − 7.41  25.64  0.00  25  -  1.98  1.02  7  − 4.81 
12  Mg  9.61  1.67  1485  − 4.56  3.18  1.15  312  − 4.88  0.11  0.37  132  − 5.20 
13  Nb  9.61  0.19  1288  − 5.56  9.34  0.14  91  − 5.86  0.44  0.81  32  − 4.87 
14  Ni  7.47  1.16  1112  − 4.95  6.87  0.65  96  − 5.30  0.36  0.73  37  − 4.95 
15  Pb  19.97  0.79  911  − 4.78  11.19  0.63  116  − 5.02  0.32  0.24  50  − 5.35 
16  PDMS  43.04  1.12  428  − 4.62  168.33  0.98  9  − 4.77  18.73  0.02  1  − 6.50 
17  PMMA  53.57  1.14  278  − 4.70  197.75  1.02  7  − 4.81  16.67  0.00  1  - 
18  PP  59.60  2.39  260  − 4.37  226.19  2.15  6  − 4.47  21.13  0.11  1  − 5.73 
19  PS  49.24  1.26  304  − 4.66  191.61  1.12  7  − 4.78  20.60  0.00  1  − 8.16 
20  Si  7.24  0.01  2205  − 6.65  4.20  0.02  218  − 6.76  0.20  0.98  75  − 4.77 
21  Si3N4  7.35  0.03  1550  − 6.45  16.69  0.03  45  − 6.61  1.24  1.03  12  − 4.77 
22  SiO2  12.25  0.00  1340  − 7.33  54.32  0.00  19  − 10.35  9.41  0.93  2  − 4.78 
23  Steel  8.17  1.16  1057  − 4.93  15.39  0.65  44  − 5.29  1.00  0.73  13  − 4.94 
24  Ti  10.16  0.32  1161  − 5.35  18.72  0.22  44  − 5.67  1.09  0.77  13  − 4.89 
25  W  5.80  0.12  2050  − 5.79  4.44  0.08  169  − 6.14  0.25  1.01  57  − 4.77 
26  Zn  8.64  4.35  1221  − 4.27  4.64  2.62  169  − 4.62  0.20  0.33  70  − 5.27 
27  Zr2O3  8.67  0.93  1319  − 4.91  41.98  0.54  18  − 5.31  8.75  0.75  2  − 4.90   66 
 
 
 
 
Si  Substrate - Material 1 
log10(WEI)  log10(MEI)  log10(ΘEI) 
 
S. No 
 
Thin Films -
Material 2  NW
−2  NW
−1m
−1  mW
−1 
1   Al  − 5.52  2.66  − 7.28 
2  Al2O3  − 5.84  2.68  − 7.62 
3  B  − 5.69  2.74  − 7.53 
4  Be  − 5.75  2.71  − 7.55 
5  BeO  − 6.38  2.41  − 7.88 
6  Cast Iron  − 5.34  2.85  − 7.29 
7  Cu  − 6.09  2.43  − 7.61 
8  DLC  − 8.20  1.55  − 8.85 
9  Epoxies  − 3.69  2.97  − 5.76 
10  Ge  − 6.45  2.24  − 7.79 
11  Invar  − 6.54  2.24  − 7.87 
12  Mg  − 5.32  2.70  − 7.12 
13  Nb  − 6.08  2.43  − 7.61 
14  Ni  − 5.44  2.82  − 7.36 
15  Pb  − 4.78  2.79  − 6.66 
16  PDMS  − 3.60  3.15  − 5.85 
17  PMMA  − 3.41  3.16  − 5.66 
18  PP  − 2.98  3.33  − 5.41 
19  PS  − 3.43  3.18  − 5.71 
20  Si  -  -  - 
21  Si3N4  − 8.25  1.45  − 8.80 
22  SiO2  − 6.49  2.18  − 7.77 
23  Steel  − 5.22  2.94  − 7.25 
24  Ti  − 5.63  2.66  − 7.39 
25  W  − 7.09  2.06  − 8.25 
26  Zn  − 4.82  3.05  − 6.97 
27  Zr2O3  − 5.17  2.96  − 7.22 
 
Table 3.5 Comparison of the effectiveness indices of different films on Si substrate. 
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Table 3.6 Comparison of the effectiveness indices of different films on DLC, Invar, and PMMA substrates. 
DLC Substrate - Material 1  Invar Substrate - Material 1  PMMA Substrate- Material 1 
log10(WEI)  log10(MEI)  log10(ΘEI)  log10(WEI)  Log10(MEI)  log10(ΘEI)  log10(WEI)  log10(MEI)  log10(ΘEI)  S. No 
 
Thin Films - 
Material 2  NW
−2  NW
−1m
−1  mW
−1  NW
−2  NW
−1m
−1  mW
−1  NW
−2  NW
−1m
−1  mW
−1 
1   Al  − 5.95  2.54  − 7.59  − 5.17  2.82  − 7.09  − 4.48  2.60  − 6.17 
2  Al2O3  − 6.66  2.43  − 8.19  − 4.13  3.52  − 6.74  − 1.78  3.99  − 4.86 
3  B  − 6.55  2.47  − 8.11  − 4.01  3.57  − 6.67  − 1.76  3.99  − 4.85 
4  Be  − 6.38  2.54  − 8.02  − 4.98  3.07  − 7.15  − 3.39  3.18  − 5.67 
5  BeO  − 6.89  2.31  − 8.29  − 5.49  2.83  − 7.42  − 3.39  3.18  − 5.67 
6  Cast Iron  − 6.21  2.55  − 7.85  − 4.01  3.50  − 6.61  − 2.29  3.71  − 5.11 
7  Cu  − 6.42  2.38  − 7.89  − 5.75  2.58  − 7.44  − 4.61  2.55  − 6.25 
8  DLC  -  -  -  − 8.41  1.42  − 8.93  − 4.49  2.64  − 6.23 
9  Epoxies  − 4.76  2.46  − 6.32  − 1.68  3.97  − 4.75  − 1.24  3.97  − 4.30 
10  Ge  − 7.02  2.07  − 8.18  − 5.21  2.85  − 7.16  − 2.87  3.42  − 5.38 
11  Invar  − 8.41  1.42  − 8.93  -  -  -  − 1.40  4.16  − 4.65 
12  Mg  − 5.81  2.54  − 7.44  − 4.93  2.88  − 6.91  − 4.34  2.65  − 6.09 
13  Nb  − 6.75  2.21  − 8.05  − 4.92  3.00  − 7.01  − 2.80  3.45  − 5.35 
14  Ni  − 6.19  2.59  − 7.87  − 4.51  3.27  − 6.88  − 3.02  3.36  − 5.47 
15  Pb  − 5.50  2.48  − 7.08  − 4.10  3.12  − 6.32  − 3.61  2.95  − 5.66 
16  PDMS  − 4.68  2.64  − 6.42  − 1.56  4.17  − 4.82  − 1.24  4.04  − 4.38 
17  PMMA  − 4.49  2.64  − 6.23  − 1.40  4.16  − 4.65  -  -  - 
18  PP  − 4.07  2.80  − 5.97  − 0.96  4.34  − 4.39  − 0.33  4.42  − 3.85 
19  PS  − 4.51  2.67  − 6.28  − 1.39  4.20  − 4.68  − 2.77  3.25  − 5.11 
20  Si  − 8.20  1.55  − 8.85  − 6.54  2.24  − 7.87  − 3.41  3.16  − 5.66 
21  Si3N4  − 7.84  1.81  − 8.75  − 5.11  3.01  − 7.21  − 1.80  3.97  − 4.87 
22  SiO2  − 8.44  1.31  − 8.84  − 7.95  1.44  − 8.49  − 0.08  4.80  − 3.98 
23  Steel  − 6.11  2.63  − 7.84  − 3.81  3.62  − 6.53  − 2.14  3.80  − 5.03 
24  Ti  − 6.48  2.35  − 7.92  − 4.11  3.40  − 6.62  − 2.04  3.83  − 4.97 
25  W  − 7.40  2.07  − 8.57  − 5.79  2.69  − 7.58  − 3.19  3.28  − 5.57 
26  Zn  − 5.49  2.82  − 7.41  − 4.25  3.32  − 6.67  − 3.88  2.91  − 5.88 
27  Zr2O3  − 6.15  2.60  − 7.85  − 3.02  4.01  − 6.13  − 0.24  4.75  − 4.08   68 
Zinc  is  the  only  candidate  which  significantly  betters  conventionally  employed 
aluminium  films  with  an  effective  and  efficient  performance  irrespective  of  the 
substrates considered.  Zinc films on DLC substrate have the potential to deliver high 
work at a high actuation frequency (Wo ~ 4.35 Jm
−3 K
−2,  f ~ 1.2 kHz) and these have not 
been considered so far for MEMS actuators. Zinc films up to a few microns thick can be 
grown on silicon by sputter deposition [35]. However, despite the potentially superior 
performance  to  aluminium,  zinc  films  require  cautious  evaluation  due  to  their 
chemically reactive nature (Electronegativity of 1.65 on Pauling scale). 
 
The electromechanical efficiency of BMET actuators is inherently low (
5
em ~10 η
− ) due 
to excess heat dissipation and it is an order of magnitude lower than the efficiency of 
linear (uni-material) thermal expansion actuators [5]. This is due to inherently low work 
per unit volume, Wo associated with BMET actuators (equation (3-3)) compared to uni-
material  thermal  expansion  actuators  by  an  order  of  magnitude  for  a  constant 
temperature  difference.  Furthermore,  the  irreversibility  associated  with  the 
electrothermal actuation is always greater when compared to any mechanical actuation. 
It  is  evident  from  Figure  3.10  that  there  is  no  appreciable  variation  in  the 
electromechanical efficiency (
5 6
em 10 -10 η
− − ∼ ) for all the films on the various substrates 
considered.  However,  their  effectiveness  varies  significantly.  Table  3.5  shows  a 
comparison of the effectiveness indices of different films on Si substrate while Table 
3.6 shows similar such estimates for other promising substrates (DLC, Invar, PMMA). 
Engineering  polymers  are  very  effective  for  high  displacement  actuators.  Candidate 
materials such as PP, PMMA, PS and PDMS on Invar and SiO2 substrates and Zr2O3 on 
PMMA  substrate  are  capable  of  delivering  high  displacement  per  cycle  per  unit 
electrical energy consumed (ΘEI ~ 10
−4 mW
−1). Thin polymeric films up to a few tens of 
microns can be achieved by spin coating which is a proven microfabrication route [37] 
for growing polymeric films on a substrate. For actuators to deliver a high force per 
cycle effectively material combinations such as Zr2O3, steel, Zn, Ni on PMMA/Si and 
Zr2O3, steel, Al2O3, Ti, Ni, Si3N4 on Invar and Zn on DLC  can be considered (MEI 
~
3 4 10 -10  NW
−1m
−1). It should be noted again that polymeric substrates require a large 
thickness to compensate for their low Young’s modulus which may not be acceptable in 
some applications. Material combinations such as SiO2 on PMMA and Zr2O3, steel, Zn, 
Ni  on  Invar  can  be  considered  for  actuators  to  deliver  high  work  effectively  (WEI   69 
~
0.1 4 10 -10
− −   NW
−2).  It  is  noteworthy  that  the  most  commonly  employed  material 
combination: Al-Si is bettered by many others for effectiveness. This is due to the high 
thermal  conductivity  of  aluminium  which  causes  more  heat  dissipation  despite  its 
favourable mechanical properties.  
 
However, for high frequency applications it essential to have high dissipation rate and 
therefore  the  candidate  materials  should  possess  a  high  thermal  conductivity.  The 
optimal material combinations in order to achieve high actuation frequency are DLC- 
Zn, DLC-Al, DLC-Cu, Si-Zn and Si-Al. Amorphous DLC films (sp
3 bonded) up to a 
few microns thick can be prepared by pulsed laser deposition [43], magnetron sputtering 
with  ion  plating  [44]  or  a  filtered  cathode  vacuum  arc  [45].  A  few  micron  thick 
aluminium films can be achieved by sputtering [46, 47] which is an established and 
proven microfabrication route. These material combinations could at the best yield ~ 1.2 
kHz for L = 100 µm, and are limited by the cooling rates achieved by conduction and 
natural convection at small scales. Frequencies can be further increased if the cooling 
rate is accelerated by forced convection.  
 
Applications such as flow control require actuation at high frequencies up to a few kHz 
even at low free stream velocities (~ 10-20ms
−1). For a subsonic flow (Mach number, 
M  =  0.5),  the  Knudsen  number,  kn  evaluated  at  the  atmospheric  pressure  and 
temperature for a characteristic length, L = 100 µm is ~ 10
−4 (< 10
−2) which ensures that 
rarefied gas effects can be neglected in the flow analysis [48]. Using von Karman closed 
form  solutions  [49],  the  average  heat  transfer  coefficient  due  to  forced  convective 
currents  can  be  evaluated  for  the  bimaterial  actuator.  Figure  3.14a  and  3.14b  show 
isotherms and contours of equal actuation frequency for a range of materials on silicon 
considering heat dissipation due to conduction and forced convection. Although there is 
a marginal drop in the steady state isotherms (~ 25 K), the actuation frequency increases 
by almost an order of magnitude ~ 7 kHz. Frequencies of the order of ~ 10 kHz can be 
achieved for engineering alloys/metals if either the scale is reduced to 60µm or if the 
temperature range is restricted to  423-573 K. In either case, the work per unit volume 
delivered  by  the  actuator  per  cycle  is  reduced.  Figures  3.15a  and  3.15b  show  the 
contours of equal actuation frequency for the two cases; L = 60 µm and for L = 100 µm 
with the operating temperature range of ~ 423-573 K respectively.    70 
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Figure  3.14  Effect  of  forced  convection  on  the  (a)  steady  state  isotherms  (in  Kelvin);  (b)  actuation 
frequency, log10(f) for different classes of materials on silicon at small scale (L = 100 µm).   71 
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Figure 3.15 Increase in the actuation frequency, log10(f) accomplished by (a) reducing the scale (L = 60 
µm); (b) reducing the operating temperature range (573 K - 423 K) for different materials on Si.   72 
Hitherto,  piezoelectric  actuators  [50,  51]  and  electrostatic  actuators  [52]  have  been 
preferred for applications such as boundary layer flow control devices which operate at 
high frequencies of the order ~ 10 kHz. The results presented herein suggest the point at 
which electrothermal actuators might be considered as viable alternatives.  
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Figure 3.16 Contours of equal resonant frequency (fundamental flexural mode), log10(fs) for different 
materials on silicon for an optimal thickness ratio at small scale (L = 100 µm). 
 
The ability to achieve mechanical resonance is enabling for many sensor applications 
although it may be detrimental for actuator structures. Electrostatic and piezoelectric 
devices  are  often  operated  at  resonance.  The  structural  frequencies  of  bimaterial 
structures are therefore estimated using the Euler-Bernoulli relation to compare with the 
thermal actuation frequencies. The fundamental structural frequency, fs (flexural mode) 
for a bimaterial structure with an optimal geometry is given as 
 
2 2
1
s
1 o 2 o
1 1.8751
2 3 ( )( 1)
E t
f
L π λ ρ ξ ρ ξ
    =     + +    
                 (3.34)   
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where  1 ρ  and  2 ρ  are the densities of the materials  in bi-layers. Figure 3.16 shows 
contours  of  equal  structural  frequency  (fundamental  flexural  mode)  for  range  of 
materials on silicon plotted in the domain of governing material properties (E vs. ρ) for 
L = 100 µm at optimal thickness ratio.  
 
It  is  evident  that  the  structural  resonant  frequencies  are  approximately  an  order  of 
magnitude  greater  than  the  thermal  actuation  frequencies  for  different  classes  of 
materials  at  optimal  configuration.  Thermal  actuation  frequencies  were  found  to  be 
always less than the structural resonant frequencies for realistic values of the scales and 
thickness ratios. The length scale (a few tens of nanometers) at which thermal actuation 
frequency is  equal to the structural resonant  frequency  cannot be realised using the 
present microfabrication routes. If electrothermal actuation was to be considered for 
high frequency applications it would have to be achieved either by using a triggering 
mechanism or by exploiting non-linear structural behaviour. It should also be noted that 
both structural resonant frequency and the thermal actuation frequency are inversely 
proportional to the square of the actuator length.  
 
3.9 Summary 
 
The competition between the different modes of heat transfer was studied at various 
scales using a simple lumped heat capacity model for a BMET actuator. The choice of 
materials has a significant effect on functional effectiveness and actuation frequencies 
for the specified temperature limits. BMET actuators have the potential to operate at 
actuation frequencies ~  10 kHz at scales less than 100 µm with optimal choices of 
engineering alloys/metals on Si substrates. DLC substrate can be considered for high 
frequency  applications  such  as  micromirror  positioners,  microcage  device  and  fibre 
optic switches in which high power consumption is permissible. The potential of Invar 
as a substrate for high force or work at low frequency requiring relatively low power is 
yet to be realised in microsystems even though it is promising and should therefore be 
considered for further research studies. Although polymeric substrates are promising for 
high displacement, low frequency applications their time dependent non-linear response 
requires  further  consideration.  The  influence  of  materials  choice  on  the 
electromechanical  efficiency  is  very  small  for  BMET  actuators  and  the  overall 
efficiency  is  inherently  very  low  irrespective  of  the  substrates.  Thermally  induced   74 
mechanical  resonance  cannot  be  directly  achieved  using  bimaterial  structures  with 
realistic thickness ratios. In addition to the specific results presented herein, the general 
framework for the selection of materials for microsystems is an important outcome of 
the present analysis. Applying rational engineering criteria for the selection of materials 
for new systems and the development of new materials and processes is important to 
allow the potential of MEMS technology to be fully realised. 
 
The realisation of high performance MEMS devices is governed by the ability to design 
actuators  at  microscales  which  delivers  large  work  per  volume  at  high  frequencies. 
Although electrothermal actuators in bimaterial architecture deliver a reasonably large 
work per volume (~ 
4 5 10 -10 Jm
−3),  further improvement in the performance of out-of-
plane actuation can be achieved by different actuator configurations. Chapter 4 discuss 
the  preliminary  design  of  one  such  configuration  where  actuation  is  achieved  by 
Electrothermal Buckling (ETB) mode.  
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Chapter 4 
Design of Electrothermal Buckling Microactuators 
 
 
4.1 Design configuration for an improved performance 
 
The  ability  to  achieve  high  performance  (displacement,  blocked  moment,  work  per 
volume,  frequency  and  efficiency)  from  a  simple  structural  design  determines  the 
practical realisation of successful MEMS actuators. As micromachining is usually done 
by in-plane selective patterning of wafers using masks and physical/chemical etchants, 
it is essential to minimise the complexities involved in the device features normal to the 
wafer plane. Hence the constraints imposed by the micromachining processes on the 
design are significant challenges in the realisation of high performance, and reliable 
MEMS  devices.    This  chapter  discusses  the  design  guidelines  for  electrothermal 
buckling  (ETB)  of  microscale  structures  since  such  configurations  are  attractive  for 
realising  MEMS  actuators  capable  of  delivering  a  large  work  per  volume  at  high 
frequencies. Some areas of application of ETB actuators include: adaptive flow control 
valves [53], microrelays [54] and microswitches for pneumatic control [55]. 
 
Although the mechanism of electrothermal buckling  actuation has been employed in a 
few  research applications such  as flow control  devices [53] and bidirectional relays 
[56],  it  is  far  less  prevalent  than  BMET  actuation.  This  may  be  attributed  to  the 
challenges posed by the stability issues which are inherent to the buckling of beam 
structures.  Some  of  the  ETB  actuators  demonstrated  previously  include;  in-plane 
buckling  response  of  silicon  micromachined  beams  under  resistive  heating  [57]  and 
vertically  driven  silicon  microactuators  by  electrothermal  buckling  effects  [58].  The 
performance of specific MEMS structures has been evaluated and analysed. However, 
significant  attention  has  not  been  focussed  on  improving  the  performance  and  the 
actuation authority. This chapter focuses on the improvement in performance of an out-
of-plane ETB actuator achieved by various design modifications. 
 
This chapter is organised as follows. Section 4.2 discusses the mechanics of the out-of-
plane ETB actuator. Section 4.3 discusses the estimation of the critical temperature for 
ETB  actuation.  Section  4.4  discuss  on  the  limiting  value  of  slenderness  ratio  for   76 
different candidates of ETB actuators. The performance metrics relevant to the ETB 
actuator  structure  are  presented  in  Section  4.5.  Section  4.6  discusses  the  transient 
thermal response and the actuation efficiency of the ETB structure. The influence of 
pre-stress on the performance of the actuator is discussed on Section 4.7 and Section 4.8 
discusses the promising candidates for ETB actuator structures. Section 4.9 summarises 
the key inferences drawn from this analysis. 
 
4.2 Mechanics of an out-of-plane electrothermal buckling actuator 
 
Figures  4.1a  shows  the  buckling  of  a  statically  indeterminate  fixed-fixed  beam  of 
uniform  cross  section  subjected  to  a  uniform  temperature  greater  than  the  ambient 
temperature,  T∞. Figure 4.1b shows the equivalent free body diagram of the system 
shown in Figure 4.1a. The elastic modulus of the material is E and its thermal expansion 
coefficient  is  α .  The  beam  length  is  L  and  its  width  and  thickness  are  b  and  t 
respectively.  Applying Euler’s buckling theory; the out-of-plane deflection across any 
section  along  the  length  of  the  beam  at  the  onset  of  buckling  corresponding  to  the 
fundamental mode is given as 
 
 
Figure 4.1 (a) Schematic of the fixed-fixed beam structure subjected to electrothermal buckling; (b) Free 
body diagram of the structure subjected to equivalent system of forces and moments. 
L 
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t  Material properties:  , E α  
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π     = −    
   
                (4.1) 
 
The out-of-plane actuation due to buckling occurs when the axial load developed due to 
thermal expansion is equal to the fundamental crippling load, Pc required to buckle the 
beam. The critical temperature difference required to buckle the structure is given as 
 
2 2
g
c c 2
4
( )
Ebtr
P E bt T
L
π
α ∆ = =               (4.2) 
 
where 
2
g 12
t
r =  is the radius of gyration of the beam and  c c ( ) T T T ∆ ∞ = −  is the critical 
temperature  difference  at  which  the  beam  buckles  in  the  fundamental  mode.  The 
temperature profiles vary with the actuator geometries when subjected to joule heating. 
However, the present analysis considers the nominal temperature of the actuator for the 
purpose of materials selection. 
 
4.3 Estimation of the critical temperature difference for ETB actuation 
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Figure 4.2 Variation of the thermal buckling index with the thermal expansion coefficient of the material. 
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Using equation (4.2), the thermal buckling index,  BI ( ) T ∆  is defined as 
 
2
c
BI 2 2
g
( ) 1
( )
4
T L
T
r
∆
∆
π α
= =                 (4.3) 
 
Since the actuation is achieved by self expansion of the structure due to Joule heating, 
the thermal strain corresponding to the critical temperature difference should be equal to 
the  critical  buckling  strain  which  depends  only  on  the  geometry  of  the  actuator 
structure. Hence  BI ( ) T ∆ depends only on α of the actuator material and is independent 
of  E.  BI ( ) T ∆   is  a  critical  design  parameter  because  it  determines  the  temperature 
difference required for the actuation of ETB structures for a fixed geometry. 
 
 Figure 4.2 shows the plot of thermal buckling index for variation in thermal expansion 
coefficient of the material obtained using equation (4.3). It is evident from the plot that 
for an actuator with a fixed geometry, the thermal buckling index (hence the critical 
temperature  difference, c ( ) T ∆ )  is  inversely  proportional  to  the  thermal  expansion 
coefficient of the material. Hence, the higher the thermal expansion coefficient of the 
material, the lower the critical actuation temperature required to buckle the structure.   
 
4.4 Failure characteristics of an ETB actuator structure 
 
The failure criteria for the design of ETB actuator structure can be obtained by equating 
the axial stresses developed due to the combined buckling and compression and the 
failure strength of the material. The limiting value of the slenderness ratio of an ETB 
structure is given as 
 
1/2
g f nf
1
2( 6 1) 3.71
L E
r
π π
σ σ
≥ + =             (4.4) 
 
where  f σ  and  nf σ are the failure strength and normalised strength (failure strain) of the 
ETB  actuator  material.  Figure  4.3  shows  the  contours  of  the  limiting  value  of   79 
( ) 10 g log L r  for different classes of materials plotted on an Ashby’s selection map (E 
vs. f σ ) obtained using equation (4.4). It is evident that the limiting values of  g L r  for 
most promising materials are  100 ≥ .  
 
 
Figure 4.3 Contours of limiting value of  g 10 log ( ) L r  for different classes of materials on Ashby’s E vs. 
f σ selection map. 
 
Although polymeric substrates are promising for ETB actuator structures owing to their 
high  normalised  strength  (about  an  order  of  magnitude  greater  than  engineering 
alloys/metals),  the  blocked  force,  work  per  volume  and  the  actuation  frequency 
associated  with  such  structures  are  very  low  due  to  their  low  elastic  modulus  and 
thermal conductivity. Hence a large thickness is required to compensate for their low 
elastic modulus and this may not be a feasible design for some applications. 
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4.5 Evaluation of the performance metrics of ETB actuator structure 
 
4.5.1 Maximum deflection, ymax 
   
From equation (4.1) it is evident that the maximum deflection occurs at the centre of the 
beam. In reality, the deflection in a buckled structure is an indeterminate quantity since 
the system transforms from the stable equilibrium to an unstable equilibrium. However, 
the present analysis considers the amplitude of the deflected shape obtained by equating 
the strain energy in the post buckled state corresponding to the fundamental critical load 
to the compressive strain energy stored at the onset of buckling due to temperature 
difference.  
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  ∫             (4.5) 
 
Substituting equation (4.1) and (4.2) in equation (4.5) gives 
 
max g 2 2 y r =                     (4.6) 
 
It is clear from equation (4.6) that the maximum deflection of the ETB actuator at the 
critical load depends only on the radius of gyration. However, the critical temperature 
required to actuate the structure depends on the thermal expansion coefficient of the 
material. 
 
4.5.2 Blocked force, Fb and the maximum work per volume, W 
 
Unlike BMET bending actuators, the achievable forces and displacements delivered by 
an ETB actuator against external mechanical impedance is not linear. This is due to the 
non-linear  buckling  response  of  an  ETB  actuator  structure.  Figure  4.4a  shows  a 
schematic of an ETB actuator structure working against an external mechanical spring 
with constant spring stiffness,  s k . Figure 4.4b shows an equivalent free body diagram of 
the system shown in Figure 4.4a. The buckling response of the ETB structure can be   81 
obtained by solving the governing differential equation in the domains  1 0 2 x L ≤ ≤  and 
2 0 2 x L ≤ ≤ which is given as 
 
4 2
4 2
d d
0
d d
i i
i i
y y
EI P
x x
+ =                   (4.7) 
 
where the free indices  =1, 2 i  correspond to the responses in the domains  1 x  and  2 x  
respectively. The  general solution to equation (4.7) is a function of the variable  i x  
which is given as 
 
 
Figure 4.4 (a) Schematic of an ETB structure actuating an external lateral spring of stiffness, ks; (b) Free 
body diagram of an ETB actuator structure actuating the external spring. 
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where  , , and i i i i A B C D  are constants, 
θ k P EI =  and I is the second moment of area 
of the cross section. Equation (4.8) is a system of equations involving eight constants 
which are obtained from the following boundary conditions. 
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Figure 4.5 Operating characteristics of an ETB actuator ( / ~ 60; 62 µm; =2µm L t b t = ). The constant 
value of  max y irrespective of the materials chosen is attributed to the fixed buckling strain for a given 
geometry.  
 
Substituting equation (4.9) in equation (4.8) and solving  for the non-trivial solution 
gives the critical buckling load as a function of the spring stiffness,  s k which is given by 
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  (4.10) 
 
where 
θ 2 ; k L θ =  S and C are sine and cosine functions of θ  respectively. 
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The trade-off between the achievable force and the displacement between the bounding 
limits can be obtained by varying the spring constant, ks between 0 and∞. Hence the 
critical load required to buckle the structure varies with the value of ks. It is evident 
from equation (4.10) that P corresponds to the fundamental critical load for a fixed-
fixed structure of lengthL; i.e. θ π =  if  s 0 k → . When  s k → ∞ , P corresponds to the 
fundamental critical load for a fixed-pinned structure of length  2 L ; i.e.  ~ 4.493 θ . For 
any arbitrary finite values of  s k , the value of P is in between these bounding limits. The 
eigenvector associated with a particular  θ  (hence P) is obtained by solving equation 
(4.8) for linearly independent vector components. 
 
Figure 4.5 shows the operating characteristics of an ETB actuator in the log-log domain 
for Si, DLC and PMMA candidates. The trend in the tradeoffs between the force and 
displacement delivered for different materials as ks varies between 0 and  ∞ is plotted. 
The aspect ratio of the beam,  ~ 60 L t . The width of the beam, b = 62 µm and the 
thickness,  t  =  2  µm.  The  curves  are  obtained  by  using  solving  for  the  fundamental 
eigenpair  using  equations  (4.10)  and  (4.8)  for  different  values  of  s k for  each  of  the 
materials  considered.  The  displacement  amplitude  corresponding  to  an  eigenpair  is 
obtained by energy conservation considering the spring effects. 
 
( ) ( ) ( )
2 2 2 2
s
2 /2 c
0
d 1
d
2 d 2 2
L
L
k EI y
x y E T Lbt
x
α ∆
 
+ =  
  ∫          (4.11) 
 
An  estimate  of  the  work  per  volume  delivered  can  be  obtained  by  evaluating  the 
enclosed area between the bounding limits. It is also obvious from the plot that DLC is 
superior to Si and PMMA for high force/work per volume actuators. The work per 
volume delivered by an ETB structure is greater than that of a BMET structure at least 
by an order of magnitude for realistic values of the slenderness ratios
2
g 10 L r ∼ . 
 
4.5.3 Electromechanical efficiency,  em η  
 
The  work  per  volume  delivered  depends  on  the  compressive  strain  energy  per  unit 
volume,  s E   developed  at  the  onset  of  buckling  due  to  thermal  expansion.  Hence   84 
efficiency metric for the actuation is defined here as the ratio of the compressive strain 
energy per unit volume,  s E  at the onset of buckling to the internal energy per volume, 
t U  associated with the critical temperature difference,  c ( ) T ∆   
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where  C ρ   is  the  volume  specific  heat  of  the  material.  Since  C ρ   remains  almost 
constant (
6.5 3 1 10 Jm K
− − ∼ ) for different classes of materials, materials with large values 
of  Eα   are  promising  for  efficient  ETB  actuator  structures.  The  efficiency  of  ETB 
actuator  structures  is,  therefore,  an  order  less  than  the  uni-material  linear  in-plane 
actuators (~
3 4 10 - 10
− − ) for realistic slenderness ratios  g ( 10) L r > . However, the work 
per  volume  delivered  by  ETB  structures  is  greater  than  that  of  the  uni-material 
actuators. 
 
4.6 Transient thermal response of an ETB actuator structure 
   
Actuation frequency depends on the time taken by the actuator to cool between the 
prescribed operating temperature limits. Figures 4.6a and 4.6b show a one dimensional 
transient thermal model of the ETB actuator structure and the energy flow across the 
control volume considered. The thermal conductivity of the material is κ and its volume 
specific heat capacity is C ρ . The actuator is assumed to be a heat source maintained at 
an initial temperature To which is equal to the critical temperature Tc. The heat sinks on 
either end are maintained at the temperature Tb.  
 
The heat generated by the actuator is dissipated by conduction to the heat sink and 
convection to the environment. The effect of radiation is neglected in the estimation of 
the transient thermal response of the actuator. This is because the heat dissipated due to 
radiation is of the same order as the convective heat transfer even for a unit emissivity. 
 
The actuation frequency depends on the time taken by the actuators to heat and cool 
alternately between the prescribed operating temperatures (Tb and Tc). The time taken   85 
by  the  actuators  to  be  heated  to  a  given  temperature  is  usually  rapid  and  can  be 
controlled to a certain extent by altering the electrical resistivity of the heating element 
(e.g. silicon) by doping. The cooling phase is usually uncontrolled, and it depends on 
the thermal properties of the materials. If Tc and Tb are the operating temperatures of the 
actuator with Tc > Tb, then the time corresponding to the cooling phase ( c t′) can be 
obtained by solving the implicit transient thermal model by numerical integration 
 
 
qx - heat loss by conduction, qc - heat loss by convection 
 
 
Figure 4.6 (a) One dimensional transient thermal model of an ETB actuator structure; (b) Energy transfer 
across the control volume considered. 
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where 
i T and 
1 i T
+  are the temperatures of the bimaterial at successive instants  t′ and 
t t ∆ ′ ′ + ,   
2
o ( ) F t C L κ ∆ ρ ′ =   is  the  Fourier  number, 
2 2 ( ) Bi h b t L bt κ = + is  the  Biot 
number and h is the heat transfer coefficient. The characteristic actuation frequency is 
defined here as 
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It should be noted that the actuation frequency of the ETB actuator structure is higher 
than that of the cantilever BMET actuator due to the reduced thermal path to the heat 
sinks associated with the fixed-fixed architecture. Furthermore, the maximum allowable 
operating temperature limits are governed by the materials used for the actuators. 
 
4.7 Influence of pre-stress on the performance of ETB actuator 
 
The  ability  of  certain  materials  to  be  grown  as  thin  films  in  a  pre-stressed  state  at 
microscales  presents  an  opportunity  to  improve  the  performance  (efficiency  and 
actuation frequency) of the ETB actuator structures. If the material is under compressive 
pre-stress,  c σ then the critical temperature difference required to buckle the pre-stressed 
structure, 
p
c ( ) T ∆  is given as 
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                (4.15) 
 
It is evident from equation (4.15) that an increase in the compressive stress leads to a 
corresponding drop in the critical temperature difference for structures under pre-stress. 
For instance, a pre-stress of about ~ 595 MPa reduces 
p
c ( ) T ∆  down to about ~ 20
oC for 
silicon structures with  30 L t = . The decrease in the critical temperature difference due 
to  compressive  pre-stress  will  in  turn  improve  the  actuation  frequency  and  the 
efficiency.  
 
The efficiency of an ETB actuator under pre-stress can be evaluated as the ratio of the 
work per volume delivered, W to the internal energy, 
p
t U  associated with the critical 
temperature difference under pre-stress, 
p
c ( ) T ∆ . The work per volume delivered by the 
actuator under pre-stress is same as that without pre-stress and hence corresponds to the 
compressive strain energy at the onset of buckling without pre-stress. The actuation 
efficiency of ETB structures under pre-stress, 
P
em η  is therefore given as   87 
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where  ( ) ( )
2 2 2
c g 4 E r L ε σ π ′ =  is the dimensionless strain which is defined as the ratio 
of the strain corresponding to the pre-stress to the critical buckling strain. The condition 
P
em η →∞ as  1 ε′→  signifies that the structures are in the buckled state without being 
subjected to electrothermal actuation. 
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Figure 4.7 A plot of efficiency ratio, 
P
em em η η  as a function of dimensionless strain,  . ε′  
 
 
Figure 4.7 shows a plot of efficiency ratio, 
P
em em η η  as function of ε′. It is evident from 
the plot that the actuation efficiency can be improved at most by an order by controlling 
the pre-stress. For instance, a compressive pre-stress of ~ 450 MPa in a silicon structure 
with   g ~100 L r  is efficient than a similar structure without pre-stress by a factor of 4. 
Compressive pre-stress of that order can be achieved in a-Si layers by low pressure 
CVD  process  [59].  The  required  pre-stress  to  achieve  the  same  efficiency  for  DLC 
structures having same values of  g L r  and  ε′ is about ~2.7 GPa which can be achieved   88 
in thin film DLC grown by pulsed laser deposition [60] although wafer handling issues 
associated with the bow formation requires further consideration. 
 
4.8 Candidate materials for ETB actuators 
 
It is evident from equations (4.2) and (4.12) that materials with large values ofEα  and a 
small critical temperature difference,  c ( ) T ∆  have a significant bearing on the actuation 
efficiency and frequency. Candidates such as Al, Zn, Cu, Ni, Mg, Al2O3, Zr2O3, Si3N4, 
DLC and Si possess high values of  Eα (~1.0 MPaK
−1) and are therefore promising for 
ETB actuator structures [17]. Candidates such as Cu require careful consideration based 
on corrosion resistance before further analysis. Although engineering ceramics deliver 
large work per volume, their low electrical resistivities pose problems in actuating them 
electrothermally. A few of these candidates in particular, polycrystalline Si [61] and 
DLC [62, 63] are capable of being grown as thin films with high intrinsic compressive 
stress and are therefore promising for ETB microactuator structures. Polycrystalline Si 
films with a thickness of a few microns can be grown by chemical vapour deposition 
(CVD) which is a proven fabrication route. The CVD process involves decomposition 
of  silane  (SiH4)  with  hydrogen  as  a  gaseous  by-product.  The  process  variables 
associated with the CVD process (substrate temperature, pressure, furnace temperature, 
silane concentration, etc.) can be controlled to the extent that compressive pre-stress 
levels varying from 100 MPa - 1 GPa can be achieved despite the intrinsic tensile stress 
which results from the dopant diffusion during the doping process [64]. 
 
Figure 4.8a shows a plot relating  ( ) ( ) g 10 c c , log ( ) and L r T σ ∆ , for silicon. It is evident 
from  the  plot  that  for  a  structure  with  g L r varying  from  80-150,  the  critical 
temperature difference,  c ( ) T ∆  can be brought down to a few tens of degrees if the 
intrinsic compressive stress is suitably varied between 1 GPa - 100 MPa. Figure 4.8b 
shows model results for the transient thermal response of an ETB actuator structure 
made of silicon by finite element analysis using ANSYS. The near iso-thermal state is 
assumed to be attained when there is no variation in the zeroth order of the estimated 
temperatures.  Frequencies  of  up  to  ~  50  kHz  could  be  achieved  for  a  temperature 
difference of 20 
oC.   89 
 
(a) 
 
 
 
 
 
 
 
 
 
 
          (a) 
 
 
 
 
 
 
 
 
 
(b) 
 
 
    (b) 
 
Figure 4.8 (a) Iso-stress contours,  10 c log ( ) σ  in GPa for Si ETB structure for a range of slenderness ratios 
and critical temperature differences; (b) Transient thermal response of a Si ETB actuator structure. All 
temperature values are in Kelvin. 
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Although  DLC  structures  have  a  limited  success  when  compared  to  silicon  for  the 
commercial MEMS devices, the performance of DLC is better than silicon for ETB 
actuators.  DLC  films  can  be  grown  either  by  sputter/pulsed  laser  deposition  of 
graphite/polycarbonate [43, 65] or a CVD using hydrocarbon source gas [66, 67] with 
plasma  enhancement  [68,  69].  The  quality  of  the  films  in  terms  of  properties  is 
governed by the relative proportions of sp
2/sp
3 sites and hydrocarbon content which are 
dependent  on  the  process  employed  to  grow  the  films  [70,  71].  The  non-diamond 
impurities  (sp
2  sites  and  hydrogen  content)  are  found  to  be  responsible  for  the 
development  of  intrinsic  compressive  stresses  in  DLC  films  [72].  Recently,  Sandia 
National Laboratory, U.S.A has developed a successful process to control the intrinsic 
compressive stresses in tetrahedrally bonded amorphous carbon films grown by pulsed 
laser  deposition.  Their  process  provides  flexibility  in  controlling  the  intrinsic 
compressive stress levels ranging from ~
3 5 10 - 6
− ×  GPa by periodic annealing of the 
substrate [60, 73]. Hence the development of large intrinsic compressive stresses in 
DLC films during growth process can be exploited for the design of high performance 
ETB  actuator  structures.  High  actuation  frequencies  of  the  order  ~  400  kHz  are 
potentially achievable for ETB actuators made of DLC owing to their large thermal 
conductivity. 
 
4.9 Summary 
 
The thermoelastic and electrothermal performance of ETB actuator structures have been 
evaluated using Euler buckling theory and lumped thermal models respectively. Si and 
DLC are promising candidates for ETB structures since the processes for controlling the 
residual stresses for these materials are well established. The work per unit volume 
delivered  by  ETB  structures  is  large  compared  to  BMET  structures  by  an  order  of 
magnitude. The low temperature difference (~  20-40 K) required for actuating ETB 
structures  results  in  relatively  high  frequency  (~  400  kHz)  actuation.  The  pre-stress 
required for such structures is less than ~ 350 MPa for  ( ) 40 L t > . However other 
issues such as robustness of the device when subjected to environmental temperature 
changes would have to be addressed in order to realise reliable actuators. This might be 
achieved by employing an active control strategy using integrated sensors. Furthermore,   91 
issues such as oxidation/corrosion of the actuator material in the operating environment 
which have a bearing on the performance of a device also need to be addressed. 
 
A  generalised  comparison  between  various  actuation  schemes  based  on  their 
performance  metrics  reveals  that  electrothermal  actuation  is  competitive  with 
piezoelectric actuators [6].  Preliminary design and analysis is therefore essential to 
estimate  the  performance  limits  achievable  using  piezoelectric  actuator  structures  to 
identify  promising  material  combinations  in  different  configurations.  The 
comprehensive  data  evolved  from  such  a  design  study  are  not  only  useful  for  the 
selection of actuators but also serve as guidelines for identifying the suitable material 
choices.  Chapter 5 discusses the design guidelines for selecting promising candidates 
for bimaterial piezoelectric microactuators. 
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Chapter 5 
Materials selection for Bimaterial Piezoelectric Microactuators 
 
5.1 Introduction on the piezoelectric microactuators 
 
The performance limits for different actuation mechanisms have a significant bearing 
on the selection of actuation schemes for particular applications. It was found earlier 
that  the  BMET  actuator  structures  can  compete  with  bimaterial  piezoelectric 
(BMPE) actuators for applications which require frequencies of the order of ~ 10 
kHz at small scales (L < 100 µm). In order to obtain a more detailed comparison on 
the  performance  limits  of  BMET  and  BMPE  actuator  structures,  optimal 
performances  achieved  from  these  actuation  schemes  need  to  be  estimated.  The 
optimal  performances  of  BMET  actuators  have  been  evaluated  and  discussed  in 
detail  already  in  chapters  2  and  3.  The  present  chapter  focuses  on  the  materials 
selection strategy for BMPE actuator structures in order to achieve the maximum 
performance. 
 
Piezoelectric microactuators, in general, are capable of delivering relatively large 
forces  (0.01-1mN)  but  are  limited  to  small  displacements  (0.1-10µm).  Present 
generation microsystems have generally preferred ferroelectric piezoceramics such 
as BaTiO3, PZT, PZN-PT, PMN-PT and PYN-PT due to their high d coefficients and 
reasonably  high  Curie  temperatures,  which  are  compatible  with  most  transducer 
applications. Despite their promising characteristics, applications of piezoelectrics in 
commercial microsystems are not widely prevalent but do include the important case 
of inkjet printer heads [12]  and non-contact AFM probes [74]. However, a much 
wider range of research or prototype applications of piezoelectrics in MEMS include 
linear micromotors [11, 75, 76], high power transformers [77] , micropumps [78, 79]  
and power generators [80].  
 
The optimal selection of a suitable active material for a given elastic substrate is of 
great  importance  from  the  MEMS  perspective  considering  the  need  to  develop 
reliable devices with high performance. This challenge is equally supported by the 
growing interest in developing thin films of arbitrary materials on various substrates   93 
thereby  improving  the  capability  of  existing  microfabrication  routes.  Therefore, 
guidelines for optimal materials selection in the preliminary design stage become 
essential. These have not yet been established for microsystems despite the hitherto 
limited  available  choices  of  active  materials  [81-83]  .  This  chapter  focuses  on 
identifying and ranking promising candidate materials for BMPE structures, properly 
accounting for the discrete nature of the properties of engineering materials. The 
performance  metrics  considered  are  the  same  as  defined  previously  for  BMET 
structures  i.e.  tip  slope  (displacement),  blocked  moment  (force),  work  per  unit 
volume and frequency. The influence of materials selection on the quality factor (Q) 
and the electromechanical impedance of actuators are also discussed.  
 
The present analysis assumes linear elastic material behaviour for the actuator design 
in the estimation of the performance. This assumption restricts the applicability of 
the results, however, in practice the majority of piezo-devices operate within the 
linear range. Furthermore, this study does not take into account the effect of thin film 
stresses developed during deposition and issues such as depoling and aging of active 
materials which significantly degrade their performance. Also a particular, simple, 
actuator  design  is  chosen  in  order  to  allow  a  straightforward  comparison  of  the 
choices  of  material  combinations.  Detailed  design  clearly  requires  more  refined 
models for the material and actuator geometry. Nevertheless, the estimates obtained 
from this study are sufficiently accurate to facilitate materials selection decisions in 
the preliminary design of actuators. The conclusions regarding the ranking of the 
material  combinations  are  sufficiently  clear  cut  that  they  will  not  be  altered  by 
introducing more refined models. 
 
This chapter is organised as follows. Section 5.2 discusses the mechanics of BMPE 
actuators.  Section  5.3  focuses  on  the  estimation  of  performance  limits  of  BMPE 
actuators.  Section  5.4  discusses  the  process  of  identifying  suitable  material 
combinations for BMPE actuators for various functional requirements. Section 5.5 
summarises the key inferences drawn from this analysis. 
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5.2 Mechanics of a BMPE actuator structure 
 
Although  the  mechanics  of  uni-material  and  bimaterial  piezoelectric  actuator 
structures  are  well  documented,  little  attention  has  been  given  to  the  materials 
selection process. This chapter focuses on identifying promising materials for BMPE 
actuator  structures  applying  mechanics  relations  developed  previously  [84-86].  
Figure 5.1 shows a schematic of an ideal bimaterial cantilever piezoelectric actuator. 
The  actuator  structure  consists  of  a  piezoelectric  layer  and  an  elastic  substrate 
referred  to  by  subscripts  1  and  2  respectively.  The  layers  corresponding  to  the 
electrodes are neglected in the present analysis. The actuator length and width are 
given by L and b respectively. The layer thicknesses are denoted by  1 t  and  2 t  and t is 
the total thickness. The Young’s moduli of the bimaterials are denoted by  1 E  and 
2 E . The ratio of the Young’s moduli of the bimaterials is defined as,  1 2 E E λ = and 
the ratio of the thicknesses of the bi-layers,  1 2 t t ξ = .  
 
 
Figure 5.1 Schematic of a bimaterial cantilever piezoelectric actuator structure. 
 
Actuation in piezoelectric bilayers can be achieved either in d31 mode or d33 mode 
(using  an  inter-digitated  configuration)  as  shown  in  Figures  5.2a  and  5.2b.    The 
compliance relations for BMET and BMPE actuator structures are the same except 
that the thermal strain is replaced by the piezoelectric strain. The tip slope, blocked 
moment and maximum work per volume of the BMPE actuator in d31 mode can 
therefore be given as  
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where  p 1 E V t =  is the electric field parallel to the polarised orientation in 
1 Vm
− and 
31 d  is the piezoelectric strain coefficient of the piezoelectric layer in 
1 mV
− or 
1 CN
− . 
The condition pertaining to optimal performance for a given pair of materials under a 
constant electric field is given by equation (2.14) since the compliance relations for 
BMPE  actuators  are  the  same  as  that  of  BMET  actuators.  Substituting  equation 
(2.14) in equations (5.1), (5.2) and (5.3) and normalising the geometric parameters 
(L, b and t) gives optimised critical performance metrics for a constant electric field 
which serves as a basis for selection between candidate materials. 
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where Θno, Mno and Wno are material parameters which correspond to optimal slope, 
moment and work normalised with respect to geometry and electric field. 
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(a) 
 
(b) 
Figure 5.2 Schematic of a cantilever BMPE actuator (a) actuation in d31 mode, (b) actuation in d33 
mode. 
 
Actuation  in  d33  mode  can  be  obtained  by  depositing  inter-digitated  electrodes 
parallel to the polarised direction as shown in Figure 5.2b. The actuation voltage for 
such a configuration has to be increased by a factor of ~ 5 in order to achieve the 
same performance as that obtained in d31 mode considering the distance between the 
electrode fingers, Lp ~ 10t1. Hence the d33 mode configuration is more appropriate 
for  sensor  applications  than  for  actuator  structures  [87].  The  present  materials 
selection process considers only d31 mode actuation which is commonly preferred in 
MEMS devices. 
L 
Material 1   Material 2  
Interdigitated electrode layer 
Lp 
+ 
− 
V33 
L 
Material 1  
Material 2  
Electrode layers  V31  −  +   97 
 
5.3 Performance limits of BMPE actuator structures 
 
The promising active/substrate material combinations are to be identified and ranked 
for various performance metrics. Tables 5.1 and 5.2 show the properties of a few 
available choices of the piezoelectric active materials which might be considered for 
MEMS applications. The properties are obtained from the sources cited in the last 
column of each tables. Active materials for which sufficient data are available are 
only considered to allow for consideration in a practical actuator design. Both thin 
film  and  bulk  properties  of  piezoelectric  materials  are  presented,  to  indicate  the 
variation  in  property  values  and  to  provide  realistic  estimates  of  what  might  be 
achieved via present and future microfabrication processes. 
 
The materials selection strategy is based on plotting performance contours in the 
domain  of  governing  active  material  properties  for  different  substrate  materials. 
Silicon is the most commonly used substrate material in MEMS devices. Therefore 
the  materials  selection  strategy  is  primarily  illustrated  using  Si  (E  =  165  GPa) 
substrates, but other substrates could be considered using the appropriate properties 
in conjunction with equations (5.4), (5.5) and (5.6). Figure 5.3a shows contours of 
equal  slope  ( 10 no log ( ) Θ ),  blocked  moment  ( 10 no log ( ) M )  and  work  per  volume 
( 10 no log ( ) W ) plotted in the domain of governing properties (d vs. E) for a range of 
active materials on silicon. Similar plots are generated at the extremities of the range 
of substrate properties, i.e. for DLC (E = 700 GPa) and PMMA (E = 2.5 GPa) to 
provide an indication of the practical limits on performance. Figure 5.3b and 5.3c 
shows  performance  contours  for  DLC  and  PMMA  substrates  respectively.  The 
variation in blocked moment and work per volume are within an order of magnitude 
of that for Si, while the variation in tip slope is relatively small.  
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S.No  Active Materials  E11   E22   E33  d11  d12  d14  d15  d21  d22  d23  d25  d26  d31   d33   References 
            Bulk  Film  Bulk  Film  Bulk    
      GPa  pCN
−1  pCN
−1    
1  BaTiO3 (unpoled)  125     64                             8  35  15  86  [81, 88-91] 
2  BaTiO3 (poled)  110     105                                −78  42  190  [81, 92] 
3  PbTiO3                                                  
4  PZT  70     53                            
 (−30) - 
(−70)  −180  190 - 250  360 
[81, 88, 93-95] 
5  LiNbO3  202     240                                −1     6  [88, 96, 97] 
6  SBT                                         6        [88] 
7  YMnO3                                                   
8  KH2PO4  57              1.3              1.3                 [88, 98] 
9  NaNO2                                                   
10  Pb5Ge3O11                                                   
11  GeTe                                                   
12  PVDF  9     4                             3  20  23  30  [83, 88, 89, 99] 
13  ZnO  127     144                             −3.4  −5.4  6.8  10.7  [81, 100] 
14  AlN  340     355                             −2  −2.8  4  5.8  [81, 101, 102] 
15  PMZT  70                                        30 - 50     [103] 
16  CdS  48     60                                −5.2     10.3  [81, 98] 
17  α- Quartz  87     107  −2.31  2.3  −0.73             0.67  4.6              [81, 104] 
18  β-Quartz  87     107        0.54                                
19  RSALT  42  51  62        345     700  2200  2100  54                [98, 105] 
21  PMNPT  14     8                                −1330  84  2820  [106, 107] 
22  PZNPT  15  149  7                                −1154     2000  [108-110] 
23  PYNPT                    1700                    500     2500  [111-113] 
 
Data not available; PMZT - Mn doped PZT; PMNPT- Mg based Piezoceramics; PZNPT - Zn based Piezoceramics; PYNPT- Yb based Piezoceramics; 
RSALT- Rochelle salt 
 
Table 5.1 Elastic and piezoelectric properties of some active materials which might be considered for the BMPE actuator structures.   99 
S.No  Active Materials 
P
C E  
P
IC E  
d
r ε   ρ  31 k   33 k   C T   References 
           
d
ii ε , i = 1,2,3     Film  Bulk  Film  Bulk       
      MVm
−1     kgm
−3         
oC    
1  BaTiO3 (unpoled)  1 - 5  98  2920,  2920,  168  5800  0.07  0.32  0.10  0.56  120  [81, 88-91] 
2  BaTiO3 (poled)        1450,  1450,  1700        0.21  0.11  0.50     [81, 92] 
3  PbTiO3                          ~ 490  [88] 
4  PZT  5 - 10  107  1475,  1475,  1300  7500  0.17  0.44  0.54  0.77  ~ 370  [81, 88, 93-95] 
5  LiNbO3  4  465  84,  84,  30  4700     0.03     0.18  1210  [88, 96, 97] 
6  SBT                          570  [88] 
7  YMnO3                          ~ 640  [88] 
8  KH2PO4     163  42,  42,  21  2338              -150  [88, 98] 
9  NaNO2                          164  [88] 
10  Pb5Ge3O11                          180  [88] 
11  GeTe                          400  [88] 
12  PVDF  55  333  ~ 12 - 14  1780  0.03  0.17  0.13  0.16  ~ 120  [83, 88, 89, 99] 
13  ZnO     282  ~ 11  5680  0.12  0.20  0.26  0.41     [81, 100] 
14  AlN     537  ~ 9  3300  0.13  0.18  0.27  0.39  > 1000  [81, 101, 102] 
15  PMZT                             [103] 
16  CdS        10  4820     0.12     0.27     [81, 98] 
17  α- Quartz        4.5  2650     0.00        ~ 573  [81, 104] 
18  β-Quartz           2650                  
19  RSALT        205,  9.5,  9.5  1767              -18 ; 24  [98, 105] 
21  PMNPT  8  35  1000 -1500  8060     0.73     0.94  ~ 150 - 160  [106, 107] 
22  PZNPT  1     3100, 3100, 5200  8310     0.66     0.78  ~ 150 - 160  [108-110] 
23  PYNPT  2 - 5     1030        0.76     0.9  ~ 300 - 400  [111-113] 
 
  - Data not available; PMZT - Mn doped PZT; PMNPT- Mg based Piezoceramics; PZNPT - Zn based Piezoceramics; PYNPT- Yb based Piezoceramics; 
RSALT- Rochelle salt 
 
Table 5.2 Electromechanical properties of some active materials which might be considered for the BMPE actuator structures.   100 
 
Figure 5.3a Contours of equal tip slope ( 10 no log ( ) Θ ), blocked moment ( 10 no log ( ) M ) and work per 
volume ( 10 no log ( ) W ) for a range of piezoelectric materials on Si substrate. 
 
 
(b) 
Figure 5.3b Contours of equal tip slope ( 10 no log ( ) Θ ), blocked moment ( 10 no log ( ) M ) and work per 
volume ( 10 no log ( ) W ) for a range of piezoelectric materials on DLC substrate. 
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(c) 
Figure 5.3c Contours of equal tip slope ( 10 no log ( ) Θ ), blocked moment ( 10 no log ( ) M ) and work per 
volume ( 10 no log ( ) W ) for a range of piezoelectric materials on PMMA substrate. 
 
 
 
Figure 5.4 Contours of equal actuation frequency (log10(fs)) for different piezoelectric materials on Si, 
DLC and PMMA substrates ( 100 µm; 30 L L t = = ).   102 
Actuation frequency is  another important performance metric  governed  partly  by 
materials selection. BMPE actuators typically operate close to mechanical resonant 
frequencies. The fundamental flexural frequency of a bimaterial can be estimated 
using Euler-Bernoulli beam theory as given by equation (3.34). Figure 5.4 shows 
contours  of  equal  actuation  frequency  for  different  material  combinations  with 
respect to silicon, DLC and PMMA substrates for a length scale of 100 µm and 
30 L t = . The influence of materials selection on actuation frequency is relatively 
small  because  the  densities  of  the  active  materials  only  vary  within  an  order  of 
magnitude (~ 
3 4 10 -10 kgm
−3). 
 
Another important target for materials selection is the electromechanical efficiency, 
em η . Actuation efficiency is defined here as the ratio of mechanical work done per 
unit volume (W) to the input electrical energy per unit volume ( s E′) supplied.  
 
em
s
W
E
η =
′
                  (5.7) 
 
 
Figure 5.5 Contours of electromechanical efficiency,  10 em log ( ) η   for different piezoelectric materials 
on Si, DLC and PMMA substrates.   103 
The electrical energy supplied is assumed to be equal to the dielectric energy stored 
in  the  parallel  plate  capacitor,  thereby  ignoring  electrical  losses  in  the  external 
circuitry (which are independent of any material selection decision). Therefore the 
energy per volume supplied,  s E′is given as 
 
d 2 2
r p
s
1 2 2
E CV
E
At
ε
′ = =                 (5.8) 
 
where 
d
r ε   is  the  relative  dielectric  constant  of  the  active  material  employed. 
Substituting equations (5.6) and (5.8) in (5.7) gives efficiency in terms of material 
properties. 
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1 1
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η
ξ ξ
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            (5.9) 
 
where k is the electromechanical coupling factor of the piezoelectric material. Figure 
5.5 shows the contours of equal efficiency for various piezoelectric materials plotted 
in the domain of governing active material properties (k vs. E) for three different 
substrates considered. Actuation efficiency varies over three orders of  magnitude 
(
3 1
em ~10 -10 η
− − ) for the given range of material combinations considered.  
 
The overall size of the integrated components for piezoelectric MEMS actuators is 
dependent on the off-chip voltage and power amplifier requirements which are prone 
to make the system bulky. The higher the actuation voltage, the larger the amplifier 
required. Hence a comparison is made of the voltage requirements for a constant 
electric field with variation in active material properties over the range of substrates 
considered.  The  voltage  required  for  actuating  different  BMPE  actuators  for  a 
constant electric field can be quantified by a parameter termed the electromechanical 
voltage index (VI). 
 
   104 
 
Figure  5.6  Effect  of  different  material  combinations  on  the  actuation  voltage  for  an  optimal 
performance under a constant electric field. 
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1
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+          
               (5.10) 
 
Figure 5.6 shows the variation in VI for a range of piezoelectric materials on the three 
different substrates considered previously. It is clear from the plot that the voltage 
required  for  a  constant  electric  field  varies  by  about  an  order  of  magnitude 
(
1 0
I ~10 - 10 V
− ) for the range of material combinations considered.  
 
The candidate materials selected strongly influence the quality factor (hence the loss 
coefficient) of the actuators. The loss coefficient,  χ  associated with the material 
damping is predominantly governed by the energy dissipation mechanisms in the 
lattice structures.  The mechanism of energy dissipation is governed by the chain 
sliding motion in engineering polymers whereas in metals this is dictated by the 
dislocation movements within the crystal lattice. Consequently, material damping is 
very sensitive to ambient temperature variations. The present study therefore restricts 
to  the  estimation  of  loss  coefficients  based  on  the  elastic  modulus  [114]    for   105 
materials selection in the preliminary design. These estimates are a reasonably good 
first  approximation  for  most  material  combinations,  except  those  prone  to 
deformation by twinning (such as magnesium alloys, zinc alloys, quartz, etc.). A 
more  detailed  discussion  on  the  damping  mechanisms  in  different  classes  of 
engineering materials can be found elsewhere [115]. 
 
 
Figure 5.7 Effect of material combinations on the loss coefficient (hence the Q-factor) of BMPE 
actuators for a range of substrates considered. 
 
The loss coefficient based on elastic moduli of the bimaterials is given by 
 
eq
0.1
E
χ =                   (5.11) 
 
where 
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is the elastic modulus in GPa of an equivalent beam with rectangular cross section 
whose width is identical to that of the bi-layer (b) with thickness equal to the total 
thickness, t. I1, I2 are the second moments of area of each of the bilayers about the   106 
centroidal axis of the actuator structure and I is the second moment of area of the 
equivalent beam about its centroidal axis.  Figure 5.7 shows a plot of the loss co-
efficient of the actuator as a function of the elastic modulus of the piezoelectric 
material for the range of substrates considered. BMPE actuator structures made of 
polymeric substrates have a lower Q-factor compared to those made of metallic or 
ceramics  substrates.  This  is  due  to  the  viscous  damping  effects  which  are 
predominant in polymeric substrates compared to other classes of materials.  
 
 
(a) 
 
(b) 
Figure 5.8(a) Ideal electromechanical transduction circuit for BMPE actuators; (b) Equivalent circuit 
of the ideal transduction obtained by applying Thevenin and Norton theorems. 
 
A possibly more realistic material selection strategy for an optimal dynamic response 
can be evolved by establishing a suitable condition for electromechanical oscillation 
matching  the  required  external  impedance.  Figure  5.8a  shows  an  ideal 
electromechanical  transduction  circuit  for  BMPE  actuator  structures.  An  input 
electrical signal (Vin) applied across the terminals AB is transformed into an output 
mechanical  signal  (Fout)  across  terminals  A'B'  to  drive  the  external  load.  The   107 
dissipation due to the leakage charges in the electrical capacitor is ignored and the 
input  circuit  therefore  includes  only  a  capacitor  corresponding  to  the  blocked 
electrical capacitance, Cbe parallel to the voltage source. The output circuit is the 
electrical analogue of a lumped mechanical model for a damped vibration system. 
Lm, Cm and Rm correspond to the mass, the bending stiffness and the mechanical 
damping  constant  of  the  bimaterial  actuator  structure  respectively.  φ   is  the 
transduction ratio of the circuit. The parameters relevant to the electromechanical 
transduction are given as 
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where  b k  is the bending stiffness of the bimaterial cantilever evaluated based on the 
average energy of the bimaterial bounded by extreme compliant conditions (fixed-
free and fixed-fixed). Using the Thevenin and Norton [116] theorems, an equivalent 
electrical circuit of the electromechanical transduction circuit is obtained as shown in 
Figure 5.8b. The total impedance of the equivalent circuit, ZT is given by 
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where  ω  is  the  frequency  of  the  input  signal  and 
'
L Z and 
"
L Z are  the  real  and 
imaginary parts of the external impedance respectively. The output force required to 
overcome the external impedance is given by 
 
L
out in
T
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F V
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φ =                 (5.15) 
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Neglecting  the  mechanical  damping  effects  in  the  electromechanical  system,  the 
transfer function, G for the electromechanical system is given as 
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        (5.16) 
 
where  n ω  is the undamped natural frequency of the actuator structure. It is evident 
from equation (5.16) that the frequency of the input signal has to be tuned for a given 
material  combination  in  order  to  match  the  required  external  impedance.  The 
external impedance depends on the nature of the system utilising the work delivered 
by the actuator and this typically can be modelled as a spring-mass system under free 
or forced vibration. The physical significance of equation (5.16) is illustrated by 
considering a simple application such as a fibre optic switch, where the external 
impedance  can  be  modelled  as  a  spring  mass  system  under  free  vibration.  For 
instance, a large Fout at high  n ω  can be attained for a given input voltage Vin only if 
the signal frequencyω is increased which in turn requires a large integrated power 
amplifier unit. A reduction in the requirements for an amplifier could be achieved if 
optimal materials were to be selected which would require evaluation of the limiting 
value of G at n ω ω = . Therefore substituting  n ω ω =  in equation (5.16) gives 
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              (5.17) 
 
Electromechanical  oscillation  occurs  asG → ∞,  i.e.,  the  denominator  of  equation 
(5.17) should tend to zero in order to obtain a large Fout for an infinitesimally small 
Vin. Therefore equation (5.17) reduces to  
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Figure 5.9 Contours of blocked capacitance index, [Cbe]I, for different active materials on Si and DLC 
substrates. 
 
 
Figure 5.10 Contours of equal electromechanical transduction index, log10((φ )Ι) for different materials 
on the range of substrates considered. 
 
 
   110 
Equation (5.18) is the relevant performance metric for selecting optimal material 
combinations to match the external impedance. Material combinations with a large 
φ  and a small Cbe are desirable to overcome a large load impedance considering the 
variation in n ω  bounded within an order of magnitude. Using equations (5.12) and 
(5.13) performance indices are obtained by normalising  φ  and Cbe with respect to 
the geometry and dielectric constant. 
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where [Cbe]I and  φ I are the capacitance index and transduction index respectively. 
Figures  5.9  and  5.10  show  contours  of  equal  [Cbe]I  and  ( ) 10 I log φ   for  different 
piezoelectric  materials  on  the  range  of  substrates  considered.  For  performance 
metrics described as a function of many variables, relevant non-dimensional indices 
which dictate the materials selection can be formulated by applying the Buckingham 
π theorem.   
 
5.4 Materials selection process for BMPE actuators 
 
Selection  of  suitable  actuation  for  an  application  requires  estimation  of  the 
performance  limits  achieved  from  different  actuation  methods.  Piezoelectric 
actuation  in  general,  is  particularly  promising  for  high  force  applications.  It  is 
evident  from  the  contours  shown  in  Figure  5.3,  that  BMPE  actuators  are  more 
applicable for high force/work (Mno ~ 10 
1 1 Nm V
− − , Wno ~ 
8 2 10 NV
− − ) applications 
than for large displacement applications (
8 1
no ~10 mV Θ
− − ). Although the work per 
unit volume, W delivered by piezoelectric actuation [5, 6, 117]  is ~ 10
5 Jm
−3, the 
drop in the d co-efficient at microscales by an order of magnitude reduces W  by two 
orders of magnitude (~ 10
3 Jm
−3) which is evident from the results presented herein.   111 
Also from Figure 5.4 it is clear that an actuation frequency of ~ 100 kHz can be 
attained for an actuator length of 100 µm with  30 = L t . Furthermore, the maximum 
efficiency of BMPE structures is  em ~ 0.1 η , which is an order of magnitude less than 
the efficiency of uni-material active structures estimated previously [5]. This reflects 
the  internal  strain  energy  locked  within  the  bimaterial  that  is  not  available  for 
performing external work. 
 
It  is  apparent  from  Figure  5.3  that  ferroelectric  piezoceramics  dominate  in 
performance compared to other active materials over the entire range of practical 
substrate materials. Quartz, traditionally used for macroactuators and sensors is not 
suitable for MEMS actuators due to its low piezoelectric constants [104, 118, 119]. 
Despite its very high piezoelectric constants, Rochelle salt (NaKC4H4O6.4H2O) is 
unlikely  to  be  practical  for  microactuators  due  to  its  unstable  nature  and  low 
transition  temperature  [105,  120,  121].  Material  combinations  such  as  PMNPT, 
PZNPT, PZT and BaTiO3 on Si, DLC or other high stiffness substrates are promising 
candidates  for  large  force/work  actuators  with  high  transduction  indices  and 
reasonable  efficiency  ( em ~ 0.1 η ).  AlN  on  Si  or  DLC  substrates  is  marginally 
superior to other material combinations for high frequency applications (> 100 kHz) 
by  virtue  of  the  relatively  high  modulus  of  AlN.  Although  polymeric  substrates 
exhibit  a  lower  Q-factor  than  other  classes  of  materials  due  to  viscous  damping 
effects, the actuation voltage required by the active materials when combined with 
polymers in all cases is less for a given electromechanical strain. 
 
The present material selection strategy has certain limitations. Variations in thin film 
properties of materials due to processing routes, temperature and substrate effects 
have  not  been  captured  in  the  present  analysis.  The  processing  routes  strongly 
influence the electromechanical properties of piezoceramics. For example, thin film 
PZT grown by sol-gel has a relatively high remnant polarisation (
2 ~ 0.57Cm
− ) and a 
lower coercive field compared to films grown by a pulsed laser deposition process 
[93].  Furthermore,  the  electromechanical  properties  are  very  sensitive  to 
stoichometric variation of the piezoceramic constituents [108] which are not taken 
into account in the present work although the  materials selection decision is not 
greatly influenced by this variation.   112 
 
The  operating  temperature  significantly  affects  the  performance  of  the  actuator 
structure. The electrical properties of the active materials are sensitive to temperature 
variation although the change in elastic modulus is generally not significant. The 
active  materials  selected  for  BMPE  actuator  structure  should  possess  Curie 
temperatures  greater  than  the  operating  ambient  temperature.  Hence  an  accurate 
estimate  of  the  operating  temperature  is  essential  especially  for  applications 
involving  drastic  temperature  fluctuations  so  that  piezoelectric  to  paraelectric 
transformation  at  Curie  temperature  can  be  avoided.  The  influence  of  Curie 
temperature on the materials selection process can be better understood from the data 
presented  in  Table  5.1.  The  Curie  temperatures  for  most  of  the  active  materials 
considered are above 200
oC except for Rochelle salt (−18 
oC and 24 
oC) and KH2PO4 
(~  −150 
oC)  which  make  these  materials  suitable  only  for  low  temperature 
applications. LiNbO3 and AlN can be considered for harsh environment applications 
where  operating  temperature  exceeds  ~  1000 
oC.  A  reasonably  high  Curie 
temperature of PZT (~ 370 
oC) makes it a promising candidate for most applications. 
 
The  present  materials  selection  strategy  has  not  accounted  for  the  variation  in 
coercive field of the piezoelectric materials which further restricts actuator response. 
A desirable active material selected should possess a large coercive field while also 
having a high d coefficient. Although the d coefficients increase at the stoichometric 
combinations  corresponding  to  the  morphotropic  phase  boundary  (tetragonal-
rhombohedral transition) for ferroelectric piezoceramics, this is accompanied by a 
drop in the coercive field [88, 122]. Furthermore, the applied electric field on the 
active materials reaches the maximum achievable value only if the coercive field, 
P
C E is as high as the intrinsic coercive field, 
P
IC E . However, this is feasible only at 
nano scales considering the inverse dependence of the coercive field on the film 
thickness [89, 94] which thereby reduces the work done per cycle. For polymeric 
films, 
P
C E approaches
P
IC E only at Langmuir-Blodgett scales [89] which are beyond the 
capability of the present microfabrication processes and results in actuators with very 
low absolute values of work or force delivered. For ferroelectric piezoceramic films, 
values of 
P
C E up to a few MVm
−1 can be achieved at the microscale given the present   113 
capability of microfabrication. This is smaller than 
P
IC E by an order of magnitude. 
Although the coercive field of piezoelectric polymers (
P
C E of PVDF ~ 55 MVm
−1) is 
greater  than  that  of  the  ferroelectric  piezoceramics  by  an  order  of  magnitude, 
piezoelectric polymers require a large thickness to compensate for their low elastic 
modulus to deliver optimal performance. This is unlikely to be acceptable for many 
applications.  
 
5.5 Summary 
An  approach  to  the  optimal  materials  selection  for  BMPE  actuators  has  been 
presented.  Critical  performance  metrics  are  obtained  applying  the  mechanics  of 
bimaterial  piezoelectric  actuator  structures  developed  in  earlier  work.  Using 
performance  maps  optimal  material  combinations  are  identified  for  various 
functional requirements. Material combinations such as PMN-PT, PZN-PT, PZT and 
BaTiO3  on  Si  or  DLC  are  promising  for  large  force/work  actuators  with  high 
transduction  indices  and  efficiency  ( em η ~  0.1).  AIN  on  Si  or  DLC  substrates 
performs better than other alternative candidates for high frequency applications (~ 
600 kHz). A condition for electromechanical oscillation is obtained which serves as 
a useful basis for materials selection to achieve matching of the external impedance. 
Polymeric substrates offer higher material damping due to viscous effects compared 
to other classes of materials. The potential of active materials could be realised for 
MEMS  applications  if  better  control  over  the  properties  of  thin  films  could  be 
achieved during microfabrication. This can be accomplished only by enhancing our 
understanding of the process-property relationships from further research studies. 
 
A generalised study identifying promising materials choices for various actuation 
schemes at microscales would set up an agenda for future development. The ranking 
of the candidates obtained based on the performance limits are useful data for the 
designers to select directly the potential candidates. The materials selection process 
for BMET and BMPE actuators has been discussed so far. Similar studies for other 
actuation schemes at microscales could be beneficial to the designers in realising 
high performance devices.  Chapter 6 discuss the design guidelines and the relevant 
potential candidates for thermo-pneumatic and phase change microactuators.       114 
Chapter 6 
Materials selection for Thermally Actuated Pneumatic and Phase 
Change Microactuators 
 
6.1 Introduction on thermo-pneumatic and phase change microactuators 
 
The preference for commonly employed actuation schemes such as electrostatic [18], 
electrothermal [123], piezoelectric [86] and shape memory [124] actuation in MEMS 
can be attributed to their acceptable performance, ease of fabrication and long term 
reliability.  The  diverse  application  areas  of  MEMS  e.g.:  automotive,  aerospace, 
consumer products and bio-medical present a wide range of functional requirements. 
Identifying the most suitable actuation scheme and their associated material choices 
for a given set of functional requirements and operating conditions is the key step in 
defining  the  system.  Following  the  analyses  on  electrothermal  and  piezoelectric 
microactuators  discussed  in  chapters  2-5,  this  chapter  primarily  focuses  on  the 
achievable  performance  limits  of  two  related  actuation  schemes  namely,  thermo-
pneumatic and phase change actuators. 
  
Thermo-pneumatic  actuation  in  MEMS  is  achieved  by  the  deformation  of  a 
diaphragm  (a  structural  member)  due  to  volume  expansion  accompanied  by  a 
pressure rise in the fluid (usually air or a gaseous mixture) contained in a closed 
cavity  by  a  small  rise  in  temperature.  Joule  heating  is  generally  preferred  for 
increasing the temperature of the fluid due to its simplicity of implementation. The 
actuation cycle consists of a volume expansion due to the pressure increase caused 
by electrothermal heating followed by contraction due to a pressure drop aided by 
ambient  cooling.  Earlier  studies  relevant  to  thermo-pneumatic  actuation  include: 
demonstrations  of  thermo-pneumatic  microvalves  using  silicon  [125]  and  PDMS 
[126] diaphragms for flow control in bio-chips used for integrated blood examination 
and the experimental characterisation of the performance of polyimide diaphragm 
thermo-pneumatic  actuators  for  micropumps  with  improved  long  term  durability 
[127]. Unlike microelectrothermal actuators which are capable of delivering a large 
work per volume (~ 
4 5 10 -10 Jm
−3), the performance of thermo-pneumatic actuators   115 
is  relatively  low  owing  to  the  design  constraint  associated  with  the  inefficient 
conversion  of  thermal  energy  to  pneumatic  energy.  Although  the  frequencies 
achieved (30-100Hz) by this actuation scheme are less than that of electrostatic, 
electrothermal  and  piezoelectric  actuators  they  may  still  be  adequate  for  certain 
microfluidic applications such as fluid handling and mixing in integrated bio-chips 
for DNA analysis [128]. 
      
Unlike thermo-pneumatic actuators which depend on the temperature amplitude to 
achieve  a  volume  change,  phase  change  actuators  utilise  the  change  in  specific 
volume of a substance due to a change in the form of matter (e.g. solid to liquid, 
liquid  to  gas  or  solid  to  gas).  Phase  changes  are  usually  accompanied  by  the 
absorption  or  release  of  thermomechanical  energy  (latent  heat)  depending  on 
whether  the  reaction  is  endothermic  or  exothermic.  This  passive  energy  transfer 
accompanied by absorption/liberation of latent heat due to the phase change has been 
widely  exploited  in  many  energy  storage/transfer  applications  [129].  Commercial 
applications based on phase change mechanisms include memory discs [130] and 
protective thermal outfits [131]. However, the use of such materials for microscale 
actuator structures has been limited owing to the difficulties involved in realising 
reliable devices. Most research on phase change actuators have focussed on working 
materials  capable  of  undergoing  phase  transformations 
(sublimation/fusion/vaporisation) close to ambient conditions. Some earlier works 
relevant  to  phase  change  actuators  at  the  microscale  includes:    development  of 
thermally driven microactuators using methanol/Freon-11 as the working fluid [132] 
for  flow  control  applications  and  characterisation  of  a  phase  change  membrane 
actuator using Perflurocarbon (3M
TM PF-5060DL) [133]. Although most saturated 
hydrocarbons (alkanes) have desirable properties and attractive characteristics for 
phase change actuation, the suitability of long chain saturated hydrocarbons (paraffin 
waxes) is mainly attributed to their stability during phase changes at near ambient 
conditions  (~  40-70
oC).  Paraffin  actuators  have  been  considered  for  many 
macroscale applications such as endoscopic surgical attachments for tissue extraction 
[134, 135] and thermostats [136]. However, their application in MEMS devices has 
been  limited  [117,  137].  It  should  be  noted  that  shape  memory  alloys/polymers 
which undergo phase changes due to a change in crystal symmetry are also phase   116 
change actuators. However, the categorisation of actuation schemes based on phase 
change is generally restricted only to those mechanisms involving a change in the 
form of matter (solid, liquid and gas) within the MEMS literature and hence shape 
memory actuators do not fit into the present modelling framework. 
  
The  key  objectives  of  this  study  are:  to  quantitatively  assess  the  influence  of 
engineering materials for diaphragm/substrate structures on the achievable pressure-
volume tradeoffs in thermo-pneumatic actuators and to briefly review the materials 
issues constraining the performance limits of phase change actuators. Since materials 
selection studies are usually performed in the preliminary design stage, a generic axi-
symmetric  model  is  considered  to  obtain  the  relevant  performance  metrics.  A 
detailed design is essential for complicated diaphragm shapes and fixity conditions 
with compliant effects which would affect the performance. However, the accuracy 
of the performance limits estimated using the present models is sufficient to make 
the materials selection decision and for ranking the candidates. A comparison of the 
performance with other preferred MEMS actuation schemes is also discussed in this 
chapter.  
 
This  chapter  is  organised  as  follows.  Section  6.2  discusses  the  mechanics  of  a 
thermally actuated pneumatic actuation system. Section 6.3 discusses the mechanical 
design of the diaphragm structure and its effect on the actuator performance. Section 
6.4 focuses on the thermal performance of thermo-pneumatic actuators using lumped 
heat capacity models. Section 6.5 discusses promising materials and working fluids 
for thermo-pneumatic actuators. Section 6.6 assesses the performance of promising 
materials for phase change actuators. Section 6.7 discuss the achievable performance 
limits  of  thermo-pneumatic  and  phase  change  actuators  acknowledging  the 
limitations. Section 6.8 summarises the inferences drawn from this study.           
 
6.2 Mechanics of a thermally actuated pneumatic actuator 
 
Figure  6.1  shows  a  schematic  of  a  thermally  actuated  pneumatic  actuator.  The 
actuator  consists  of  a  flexible  diaphragm  sealing  a  rigid  chamber  subjected  to 
internal  pressure.  The  pressure  increase  in  the  cavity  is  achieved  by  raising  the   117 
temperature of the gas it contains using Joule heating, thereby causing out of plane 
deformation  of  the  diaphragm.  The  constraints  associated  with  the  achievable 
maximum operating temperature, limits the volume expansion and the pressure in the 
cavity.  
 
 
Figure 6.1 Schematic of a thermo-pneumatic actuator structure. 
 
The maximum operating temperature is usually restricted by the thermal budget of 
the heater element for the allowable current densities (
9 10 2 ~10 -10 Am
− ). Although 
engineering  ceramics  and  a  few  alloys  such  as  W  and  Pt  can  withstand  high 
temperatures up to ~ 1000
oC, the voltage required to achieve such temperatures is 
very high owing to their high electrical resistivities. The preference for engineering 
alloys (such as Al, Cu and Au) as heater elements in most MEMS devices can be 
attributed  to  their  low  electrical  resistivities  and  their  compatibility  to 
micromachining  routes.  The  maximum  permissible  temperature  for  engineering 
alloys is constrained by the phase transformation temperature or the melting point of 
the material and this does not exceed a nominal value of ~ 673 K for commonly used 
engineering alloys in MEMS devices. Assuming the ambient temperature to be ~ 293 
K and the process to be adiabatic, the practical maximum temperature ratio of the 
gas is: 
 
2 max
r max
1
( ) 673
( ) 2
293
T
T
T
= = ≈               (6.1) 
 
where T1 and T2 correspond to the temperature of the initial and final states of the 
thermodynamic  system.  The  maximum  pressure  ratio  r max 2 max 1 ( ) ( ) P P P =   cannot 
Diaphragm  Gas enclosed in the cavity 
PV= nRT 
Electric heater element 
R = 8.314 J. mol
−1. K
−1   118 
exceed  r max ( ) T  achievable from an isochoric process assuming the gas to be ideal 
which  is  a  reasonably  good  approximation  considering  the  small  deviation  in 
compressibility  at  sub-critical  pressure  ratios  [138].  Therefore  the  governing 
equation of state is given as 
 
r r
r
1
PV
T
=                   (6.2) 
 
where  r 2 1 P P P = ,  r 2 1 V V V =   and  r 2 1 T T T =   are  the  pressure,  volume  and 
temperature ratios respectively. The initial state usually corresponds to the ambient 
condition, i.e.  1 1atm P = . and  1 ~ 293K T . 
 
The pressure and the volume maintained within the cavity during the temperature 
rise depend on the compliance of the diaphragm which is dictated by the elastic 
properties of the material for a given geometry and boundary conditions. Hence the 
synergy between the material, geometry, boundary conditions and temperature ratio 
determine the performance of the actuator.  
 
6.3 Mechanical design of the diaphragm structure 
 
The diaphragm structure is idealised as an axi-symmetric plate with a pre-tension 
due  to  process-induced  residual  stresses.  Thin  film  pre-stress  in  a  few 
microfabricatable materials such as Si, DLC and PMMA can be controlled only to 
about ~ 5 MPa. Hence the assumption of plate structure for the actuator is ideal. 
Nevertheless,  this  assumption  allows  estimating  the  maximum  achievable 
performance which serves as the bounding limits for the actuator design. The design 
guidelines for the aspect ratio of the diaphragm structures made of arbitrary materials 
and the permissible operating temperature ranges need to be established to achieve 
the  best  performance.  The  maximum  attainable  thermo-pneumatic  pressure  (<  2 
atm.)  ensures  the  applicability  of  linear  theory  in  the  constitutive  modelling  of 
plate/membrane structures since at such low pressures the allowable deflection can 
be assumed to be less than the thickness of the diaphragm, for a given diaphragm 
stiffness. This assumption is clearly violated for extremely compliant diaphragms   119 
with very large aspect ratios due to geometric non-linear effects. However in the 
preliminary design stage, the assumption of linearity allows exploration of most of 
the available design space with acceptable accuracy. In this spirit, the effect of a 
central boss on the performance of the actuator is also considered. 
 
6.3.1 Diaphragm structure as an axi-symmetric plate  
 
The  present  analysis  evaluates  the  achievable  performance  limits  of  a  thermo-
pneumatic actuation system for the cases of a diaphragm designed as either a plate or 
a membrane. Figure 6.2 shows a schematic of a thermo-pneumatic actuation system. 
A  rigidly  clamped  circular  diaphragm  of  external  radius  R,  is  subjected  to  a 
differential pressure, ∆P. The thickness of the diaphragm and the height of the cavity 
are denoted by td and wc respectively. Considering the diaphragm as an ideal axi-
symmetric  plate  structure,  the  out-of-plane  deflection  in  the  z  direction,  p( ) w r as 
function of radial location r due to uniform internal pressure can be obtained using 
the linear plate theory [139] which gives:  
 
( )
2 2 2
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64
P
w r R r
D
∆
= −               (6.3) 
 
 
Figure 6.2 Schematic of a circular axi-symmetric clamped diaphragm actuated thermo-pneumatically. 
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where 
3 2
d 12(1 ) D Et ν = −  is the flexural rigidity of an isotropic plate with elastic 
modulus, E and Poisson ratio,ν . If the initial volume,
2
1 c π = V R w  then the change in 
the average volume ( 2 1 V V V ∆ = − ) due to a small incremental change in the internal 
pressure ( 2 1 P P P ∆ = − ) is given by: 
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p f
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2 ( ) d
192
r R
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P R P
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D k
∆ π ∆
∆ π
=
=
= = = ∫           (6.4) 
 
where 
f 6
s 192 k D R π =  is the volumetric stiffness of the fluid cavity which depends 
principally on the structural compliance of the diaphragm. If the expansion process is 
assumed to be adiabatic, then by invoking the principle of energy conservation, the 
change in the internal energy of the system will be equal to the potential energy 
stored in the flexible diaphragm.  
 
f 2
s 2 2 1 1
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2 1
k V PV PV
m C T T
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−
= − =
−
          (6.5) 
 
Where m is the mass of the fluid, Cv is the specific heat capacity of the fluid at 
constant volume and  γ  is the adiabatic index. Equation (6.5) can be expressed in 
dimensionless form as: 
 
2 r r
p r
1
( 1)
1
PV
M V
γ
−
− =
−
               (6.6) 
 
where 
4
p 128 M E V β ′ ′ = ,  the  material  index  of  the  plate  which  determines  the 
achievable  pressure  and  volumetric  expansion, 
2
1 (1 ) E E P ν ′ = −   is  the 
dimensionless modulus defined as the ratio of plate modulus to the initial pressure, 
1 d c d V V V w t ′ = =  is the ratio of the cavity volume to the diaphragm volume and 
d 2R t β = is  the  aspect  ratio  of  the  diaphragm  structure.  Eliminating  Pr  between 
equations (6.6) and (6.2) gives a relation between Vr as a function of Tr and Mp. 
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Figure 6.3 Operating characteristics of thermo-pneumatic actuator. 
 
 
r
r
p
( 1)
1
( 1)
T
V
M γ
−
= +
−
                (6.7) 
 
Equations (6.7) and (6.2) together provide the pressure and volumetric expansion 
associated with a material index for a given temperature ratio, Tr. 
 
The work delivered by the actuator can be obtained from the bounding operating 
limits of pressure and volumetric expansion. Figure 6.3 shows the operating limits of 
a thermo-pneumatic actuator in the P-V domain. The expansion is an irreversible and 
non-equilibrium  thermodynamic  process  due  to  the  rapid  change  in  temperature. 
Hence the work done by the actuator varies with the path between the initial and 
final states for a given change in the internal energy. Although the work done by an 
irreversible process is a thermodynamically indeterminate quantity, the present study 
considers an estimate of the useful work done by the actuator against a linear elastic 
spring through the shortest direct route connecting the initial and final states due to a 
small temperature rise. The work done by the actuator is signified by a parameter 
termed the work ratio, Wr corresponding to the path S1 and is defined as 
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It is evident from equation (6.8) that in order to obtain maximum useful work, the 
condition to be satisfied is given as:  
 
r r r P V T = =                   (6.9) 
 
This suggests that the vector components corresponding to the initial and final states 
should form geometrically similar triangles in order to deliver maximum work i.e. 
triangles  OAA'  and  OBB'  should  be  geometrically  similar.  Substituting  equation 
(6.9) in (6.8) gives the maximum work, (Wr )m achievable from the system along the 
path S1.  
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The  optimal  material  index,  Mpo,  corresponding  to  the  maximum  work,  can  be 
obtained by substituting equation (6.9) in (6.6) 
 
( )
( )( )
r
po
r
1
1 1
T
M
T γ
+
=
− −
              (6.11) 
 
Figure 6.4 shows the plot of Mpo as a function of Tr obtained using equation (6.11). 
The curve tends to become asymptotic ( p o ( ) M → ∞) when  r 1 T =  thereby indicating 
r 1 V = when  the  work  done  is  zero.  Equation  (6.11)  also  reveals  that  the  optimal 
material index varies with the temperature ratio. Since the temperature varies sharply 
within the operating range in a cycle, it is desirable to operate in a range at which Mp 
is  least  sensitive  to  r T   in  order  to  achieve  the  best  performance.  This  is  can  be 
accomplished by the deformation of an extremely complaint diaphragm structure at 
high operating temperatures ( r 1.6 T ≥ ) which is the preferred design configuration   123 
for  high  performance  MEMS  devices.  However,  there  is  a  practical  difficulty  in 
realising such configurations owing to the low thermal conductivity of commonly 
employed fluids within the cavity. A heater temperature between ~150 -200 
oC is at 
least required even to achieve a temperature of ~ 50-70 
oC within the air cavity in 
the steady state provided the heater volume is 20% of the cavity volume. 
 
 
Figure 6.4 A Plot of optimal material index, Mpo as a function of Tr. 
 
The  present  study  considers  the  performance  evaluated  within  the  small 
displacement regime at the limit of attainable cavity temperatures i.e. for  r 1.2 T ≤  for 
materials selection process. Hence the design guidelines provided in this analysis can 
be applied directly for the structures which deliver small displacements in order to 
meet  the  required  functional  requirements.  The  performance  estimated  using  the 
present models is reasonably accurate as long as the following condition is met. 
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                  (6.12) 
 
However, for actuators which deliver a large deflection (greater than the diaphragm 
thickness), the effect of geometric non-linearity and the membrane effects require   124 
further  consideration  in  the  performance  evaluation  which  does  not  have  a 
significant bearing on the materials selection process.  
 
A more appropriate parameter to characterise the irreversibility of a system is the 
change in entropy. The change in specific entropy of a system for an ideal gas is 
given as: 
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It is evident from equation (6.13) that the change in specific entropy of the system, 
( 2 1 s s − ) is very low for small values of  r T . Although the variation of  po M is very 
small at large values of  r T , the effect of irreversibility is very high thereby reducing 
the low overall efficiency. A trade off between the maximum work and the degree of 
irreversibility can be obtained using equations (6.11) and (6.13). 
 
Figure 6.5a is a plot of equal aspect ratios for optimal performance. For the values of 
r 1.2 T ≤  the optimal aspect ratios for polymers (40-60) are smaller than those for 
engineering  alloys/ceramics  (100- 200)  by  a  factor  of  ~  3.  For  polymeric 
diaphragms, the allowable optimal thickness is about ~ 2-3 µm for  50 µm R = while 
for engineering alloys / ceramics the thickness has to be reduced to less than 1 µm. 
Current microfabrication technology can easily create thin polymeric films, a few 
microns thick by spin coating [37].  
 
Although  established  processing  routes  for  growing  thin  films  of  engineering 
alloys/ceramics  with  thicknesses  between  ~  0.5 -1µm  are  available  for  some 
promising candidates (e.g. Si, Al, Cu, Ni, DLC), the wafer handling associated with 
the stress-free release of thin film structures from the substrate could be a critical 
issue. Furthermore, any flexibility in the design enabled by increasing the diaphragm 
thickness has to be compensated by a corresponding increase in the radius, R which    125 
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(b) 
Figure  6.5  (a)  Contours  of  optimal  aspect  ratios  of  an  axi-symmetric  plate  for  a  range  of 
dimensionless moduli within the temperature range considered; (b) Contours of  r P ,  r V and  r W  as a 
function of  E′and  r T   for an axi-symmetric plate structure ( 50; 50 V β ′ = = ). 
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Figure  6.6  (a)  Contours  of  optimal  aspect  ratios  of  an  axi-symmetric  membrane  for  a  range  of 
dimensionless moduli within the temperature range considered; (b) Contours of r P ,  r V and  r W  as a 
function of  E′and  r T   for an axi-symmetric membrane structure ( 50; 50 V β ′ = = ; km=100). 
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in  turn  results  in  more  power  consumption  to  maintain  the  cavity  at  a  given 
temperature. 
 
Figure 6.5b shows contours of dimensionless parameters r P ,  r V and  r W  plotted as a 
function of  ′ E and  r T  for  50 ′ = V  and  50 β =  obtained using equations (6.7) and 
(6.2).  Point  O  corresponds  to  the  optimal  performance  for  this  configuration. 
Although the achievable Vr for low values of the dimensionless modulus is high, the 
over-estimation of the out-of-plane deflection by linear theory results in very low 
pressure ratios (Pr < 1) which are inadmissible. However, the applicability of this 
particular result for Pr  ≥ 1 suggest that the optimal performance for the configuration 
considered is obtained by selecting materials such that 
4.7 ~10 ′ E . 
 
6.3.2 Effect of pre-tension on the actuator performance  
 
The diaphragm analysed previously assumed the structure as an axi-symmetric plate 
without any pre-stress. Any compressive pre-stress in a high aspect ratio membrane 
introduces the possibility of buckling thereby rendering the actuator ineffective. The 
principal effect of pre-tension is to alter the pressure/volume trade-offs. Since pre-
stress  levels  for  different  thin  film  materials  and  processes  can  vary  widely,  the 
present  analysis  considers  the  actuator  performance  at  extreme  pre-tension  levels 
causing the diaphragm to act as a membrane structure. The out-of-plane deflection of 
a  pure  axi-symmetric  membrane  in  the  z  direction,  m( ) w r as  function  of  radial 
location r due to uniform internal pressure is given as [139] 
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where 
2
m o k N R D = is a non-dimensional pre-tension parameter associated with 
the  initial  radial  tensile  load  per  unit  length,  No.  For  membrane  structures  km  is 
usually  greater  than  20  [139].  Following  the  same  thermodynamic  formulations 
presented in the previous section, the material index parameter for an axi-symmetric 
membrane, Mm is obtained.   128 
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Figure  6.6a  is  a  plot  of  the  optimal  aspect  ratios  corresponding  to  maximum 
performance for pre-tension parameter, km = 100. This corresponds to an in-plane 
radial stress of ~ 570 MPa in a Si diaphragm of 1 µm thick and 500 µm radius. It is 
obvious from these plots that the optimal aspect ratios for membranes at this stress 
level are greater than those of plates by a factor of ~ 4. Hence the thickness of the 
diaphragm has to be reduced down to a few tens to hundreds of nanometers for most 
classes of materials if realised as pre-tensioned membranes. Growing stand-alone 
thin films with thicknesses varying between a few tens to hundreds of nanometers 
under severe stress would be challenging with existing MEMS fabrication routes. 
Figure 6.6b shows the contours of dimensionless parameters r P ,  r V and  r W  plotted as 
a function of ′ E and  r T  for  50 ′ = V ,  50 β =  and km = 100. The contours are obtained 
using equations (6.7) and (6.2) by replacing  p M  by  m M . It is clearly evident that 
tensile  membrane  stresses  are  detrimental  to  the  actuator  performance.  The 
achievable  work  is  an  order  of  magnitude  less  than  that  of  the  stress-free  plate 
structures. This is attributed to the high fraction of the thermo-pneumatic energy 
developed  which  becomes  trapped  in  the  form  of  internal  strain  energy  thereby 
resulting in a significant reduction in the out-of-plane deflection. 
 
6.3.3 Effect of boss size on the actuator performance 
 
The effect of boss size on the response of the diaphragm is also considered in the 
present study. The use of a central boss is often required if the actuator is required to 
act as a piston or to achieve sealing in flow control.  
 
Figure  6.7  shows  a  schematic  of  a  clamped  diaphragm  structure  with  a  boss 
subjected to a differential pressure. The inner and outer radii of the boss are Ro and 
Ri respectively. Using linear theory the out-of-plane deflection for the pure plate 
member in a bossed configuration under internal pressure is given as [140] 
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Figure 6.7 Schematic of a circular axi-symmetric clamped diaphragm with boss actuated thermo-
pneumatically. 
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Figure 6.8 Variation in Bbp with respect to the ratio of boss radii, ζb. 
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Figure 6.9 (a) Contours of optimal aspect ratios of axi-symmetric plate with boss for a range of 
dimensionless moduli within the temperature range considered ( b 0.5 ζ = ); (b) Contours of Pr, Vr and 
Tr as function of  E′and Tr for axi-symmetric plate with a boss feature ( o b ' 50; 50; 0.5 V β ζ = = = ). 
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where  o r R ζ =  is the ratio of any radial location to the external radius and the boss 
ratio,  b ζ  is the value of  ζ at  i r R = . Following the thermodynamic formulations 
presented  earlier,  the  material  index  for  the  bossed  diaphragm  in  the  pure  plate 
configuration, Mbp is obtained: 
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              (6.17) 
 
where  c d V w t ′ =  for the bossed plate structure,  o o d 2R t β = is the aspect ratio and 
2 6
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1
(1 4log )
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ζ ζ
ζ ζ = − + − + B  is a function of boss ratio,  b ζ  for  b 0 1 ζ < < .   
 
Figure 6.8 shows the variation in function Bbp with respect to the parameter b ζ  which 
follows the trend of normalised centre deflection estimated by linear theory [140]. It 
is evident from the plot that the variation in Bbp is about an order of magnitude over 
the range of  b ζ . Figure 6.9a shows the contours of the optimal aspect ratios for 
bossed plates for a range of Tr andE′. The influence of the boss on the aspect ratio 
of  the  structure  is  not  significant.  Figure  6.9b  shows  contours  of  r P ,  r V and  r W  
plotted as a function of 
' E and  r T  for 
' 100 V = ,  o 100 β =  and  b 0.5 ζ = . The contours 
are obtained using equation (6.7) and (6.2) by replacing  p M  by  bp M . It is evident 
from  the  plot  that  r W   achievable  with  a  boss  ( b 0.5 ζ = )  is  only  50%  of  that 
achievable without a boss. The effect of pre-stress is not considered here but can be 
calculated as discussed previously [141].  
 
 6.4 Thermal performance of thermo-pneumatic actuator 
 
The actuation mechanisms of a thermo-pneumatically actuated diaphragm structure 
are  analysed  assuming the process to be  a temperature dependent quasi-static. A 
lumped capacity thermal model is therefore used to evaluate the transient thermal   132 
response of the actuator structure in the preliminary design stage. Since the fluid 
cavity is very thin compared to the bulk substrate, the heat transfer within the layer 
can also be assumed to be due to conduction. This assumption provides a reasonably 
good estimate useful in the preliminary design stage for the selection of materials 
(for diaphragm and substrate) and for the choice of fluids in order to realise high 
performance  MEMS  actuators.  This  assumption  in  the  thermal  modelling  is 
manifested by the predominance of conductive heat transfer at microscales due to the 
small Biot numbers inherent to MEMS structures as discussed in Chapter 3. The 
influence of convective heat transfer effects on the temperature of the fluid within 
the  cavity  and  the  effect  of  external  impedance  on  the  actuator  response  require 
consideration in the detailed actuator design.  
 
Figures  6.10a  and  6.10b  show  an  axi-symmetric,  one-dimensional  heat  transfer 
model in a cylindrical structure and the energy transfer across the control volume 
considered  respectively.  A  closed  form  solution  for  the  thermal  resistance  of  a 
cylinder with an annular cross section is used to evaluate the equivalent thermal 
resistance.  The thickness of the substrate is denoted by ts. The equivalent thermal 
properties (conductivity, κeq, specific heat, (ρC)eq and thermal diffusivity, 
d
eq α ) of the 
actuator structure are obtained as  
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A macroscale heat transfer co-efficient of h = 10 Wm
−2K
−1 is assumed in this study 
between the peripheral layer and the ambient surroundings. The time taken to cool, 
c t  from an initial average temperature, 
i
av T at the instant  0 ′ = t  to the final average 
temperature,
f
av T is obtained by solving the transient heat transfer model.   133 
 
Figure  6.10  (a)  one  dimensional  heat  transfer  model  for  transient  thermal  response;  (b)  Energy 
transfer across the control volume considered. 
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where  Fo  is  the  Fourier  number, 
i T and 
+1 i T are  the  average  temperatures  at  the 
instant t′ and t t ∆ ′ ′ + respectively. The actuation frequency can be estimated as:  
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Frequencies  estimated  by  lumped  capacity  thermal  models  correspond  to  the 
characteristic length scale equal to the diffusion length for the temperature amplitude 
considered.   
 
6.5 Candidate materials for thermo-pneumatic actuators 
 
Identifying promising materials for various functional requirements is critical for the 
design of microsystems. It is evident from the plots shown in Figures 6.5, 6.6 and 6.9 
that  engineering  polymers  are  promising  diaphragm  materials  for  large 
displacements although the maximum achievable pressure rise (~ 0.2 atm.) delivers a 
small force. The thermo-pneumatic energy generated for the maximum achievable 
pressure ratio (Pr)max = Tr  makes polymeric diaphragms attractive for delivering 
large work although the work per unit volume delivered is lower than that achieved 
by direct electro-thermal actuation by two orders of magnitude. Table 6.1 shows the 
properties  of  materials  and  gases  considered  for  the  design  of  thermo-pneumatic 
actuators in the present study. The properties of gases are representative values at 
ambient  conditions  (1  atm.,  293  K).  Table  6.2  shows  the  achievable  actuation 
frequencies  for  different  substrate  materials  for  a  polymeric  diaphragm  actuator 
structure at different scales. It is found that the choice of cavity gas (air, He and Ar) 
does  not  greatly  influence  the  actuation  frequencies.  However,  the  substrate 
materials do affect the rate at which heat is lost according to their thermal diffusivity. 
The achievable frequencies for a temperature difference of ~ 150 
oC vary between a 
few tens to a few thousand Hertz as the radius; R varies from 50 µm to 250 µm. 
Frequencies in this range are suitable for applications such as micropumps used for 
particle counting and fluid mixing in bio-chips [142]. 
 
S.No  Materials/gases  Thermal conductivity, κ, 
Wm
−1K
−1 
Density,  ρ, 
kgm
−3 
Specific heat capacity, C, 
Jkg
−1K
−1 
1  Si  150  2280  700 
2  DLC  1100  3500  518 
3  Glass  1.2  2450  780 
4  PMMA  0.2  1190  1500 
5  Air  0.03  1.2  1006 
6  He  0.15  0.2  5200 
7  Ar  0.02  1.8  577 
 
Table 6.1 Properties of materials and gases considered in this study. All properties are representative 
values at ambient condition (1 atm., 20 
oC). 
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S.No  Substrate 
materials 
Diaphragm 
radius, R , 
µm 
Actuation 
frequency, f ,  
Hz 
50  ~ 800  1  Si 
250  ~30 
50  ~ 5  2  Glass 
250  - 
50  ~ 4850  3  DLC 
250  ~42 
50  ~ 90  4  Hf 
250  ~ 5 
 
Table  6.2  Effect  of  substrate  materials  on  the  actuation  frequencies  of  a  polymeric  (PMMA) 
diaphragm  (td  =  2  µm,  wc  =  100  µm  and  ts  =  250  µm)  thermo-pneumatic  actuator  for  a  heater 
temperature difference of ~ 150 
oC.  
 
6.6 Candidate materials for phase change actuators 
 
A  simple  phase  change  actuator  can  be  realised  by  replacing  the  gaseous  cavity 
shown in Figure 6.1 by substances capable of undergoing a phase change at near the 
ambient  conditions.  Some  essential  engineering  requirements  of  phase  change 
materials  for  microactuators  are:  chemical  inertness,  phase  change  temperatures 
close to the ambient conditions, low latent heat, low viscosity, good phase stability 
and  availability.  The  preferred  ranking  of  the  available  mechanisms  for  realising 
high performance phase change actuators is: sublimation, evaporation and fusion. 
Sublimation is preferred due to its inherently high volumetric change. Substances 
such  as  dry  ice  (solid  CO2),  Naphthalene  (C10H8)  and  Iodine  (I2)  sublime  under 
atmospheric conditions but pose difficulties in controlling the sublimation rate in 
addition  to  other  critical  issues  such  as  toxicity,  flammability  and  chemical 
reactivity.  
 
Phase transition temperature  ~ 72 
oC 
Allowable volumetric strain, εrec  ~ 15% against 0 pressure [114] 
Thermal conductivity, κ  ~ 0.2 Wm
−1K
−1 [114] 
Bulk modulus of liquid, K  ~ 1.6 GPa [143] 
Elastic modulus of solid, E  ~  3 GPa 
Latent heat of fusion  ~ 150 - 200 kJkg
−1 [129] 
 
Table 6.3 Properties of Paraffin wax. 
 
The  performance  metrics  of  phase  change  actuators  are  evaluated  by  applying 
relevant mechanics relations. The average out-of-plane deflection, δav is obtained by   136 
equating the strain energy associated with dilatation of the phase change material and 
the strain energy associated with the deformation of the diaphragm. The blocked 
force, Fb is obtained from the pressure developed when the volume expansion is 
negated. The maximum work per unit volume, W is associated with bounding limits 
of the operating characteristics of the actuator defined by δav and Fb. Assuming the 
diaphragm structure to be an ideal plate, the performance metrics of phase change 
actuator are estimated as: 
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where  rec ε and K are the recoverable volume strain and the bulk modulus of the phase 
change  material  respectively.  Although  the  work  per  volume  delivered  by  phase 
change actuators is higher than the other actuation schemes, not many choices of 
materials are available beyond paraffin. Table 6.3 shows the representative values of 
the thermo-physical properties of paraffin considered for the present study. A large 
work  per  volume  (~10
7  Jm
−3)  at  relatively  low  frequencies  (~  300  Hz  for  a  Si 
substrate) [117] can be obtained using paraffin based phase change actuators.  
 
6.7 Performance limits of thermo-pneumatic and phase change actuators 
 
The  present  study  is  intended  as  a  means  of  assessing  and  comparing  actuation 
schemes and for identifying optimal material choices in preliminary design. In order 
to  achieve  these  aims,  limitations  are  accepted  regarding  the  capability  of  the 
models.  In  particular,  the  effect  of  the  temperature  change  associated  with  the 
thermo-pneumatic  energy  on  the  material  properties  and  hence  the  structural 
response of the diaphragm is not taken into consideration. Furthermore, the effect of   137 
ambient temperature fluctuation on the performance of the actuator requires further 
consideration in the detailed design. Also, the elastic moduli of different classes of 
materials considered for the diaphragm are assumed to be isotropic. Nevertheless, 
these assumptions have no significant bearing on the materials selection considering 
the comparison of the performance estimates in an order of magnitude. 
 
A  comparison  between  the  estimated  performances  obtained  from  the  analytical 
solutions with the experimental values reported in the literature is made to justify the 
suitability  of  the  models  for  the  materials  selection  decision.  For  a  temperature 
difference of 70 
oC, the maximum achievable centre deflection of the diaphragm and 
the corresponding pressure difference are 120 µm and 10 kPa respectively for an 
optimal  material  index  ( po ~ 54 M ).  These  values  are  of  the  same  order  as  the 
experimental values (~ 250 µm and ~ 7.5 kPa) reported in the literature [144]. The 
deviation in the centre deflection values by a factor of ~2 can be attributed to the 
compliant nature of the polymeric diaphragm in the experimental device due to a 
large  aspect  ratio  ( 1250 β = ).  The  associated  material  index  of  the  compared 
experimental structure (
4
p ~1.5 10 M
− × ) is very low and hence require validation by 
the non-linear large deformation theory. However, the materials selection and the 
ranking  of  the  candidates  based  on  performance  are  unchanged.  Although 
performance of the actuators varies depending on the topology of the diaphragm 
structure,  the  materials  selection  decision  is  unaltered.  Hence  the  candidates 
identified and ranked are promising for rectangular diaphragms as well. 
 
Furthermore, the estimated frequencies listed in the Table 6.2 are also of the same 
order as the experimental values (~ 20 Hz) quoted in the literature [127] for relevant 
scales and substrate materials. The achievable frequencies can be improved by using 
either high conductivity substrates or by reducing the operating temperature range. 
However,  this  has  to  be  compensated  by  a  corresponding  increase  in  the  heat 
dissipation (hence a decrease in the efficiency) or a decrease in the work per volume 
delivered.  
 
It is found that the maximum achievable work per volume, W by thermo-pneumatic 
actuation (~ 10
4 Jm
−3) is two orders of magnitude less than the value quoted in the   138 
literature [117]. This may be attributed to referring the W to the cavity volume in the 
present work instead of the diaphragm volume, given that  ~10-100 V′ . The increase 
in the work per volume delivered mainly depends on the achievable deflection of the 
diaphragm  since  the  achievable  pressure  rise  is  much  less  sensitive  to  materials 
selection. Also, the presence of a boss on the diaphragm results in drop in the work 
per  volume  by  ~  50%.  However,  such  configurations  are  often  necessary  for 
applications  such  as  flow  control  valves  in  micropumps.  Also,  the  actuation 
frequencies for thermo-pneumatic and phase change actuators are relatively low and 
vary between a few tens to few hundreds of Hertz depending on the substrates (Si, 
Glass, DLC) and scales (50 µm < R < 250 µm). For reference, the resonant frequency 
due  to  Helmholtz  oscillation  of  the  fluid  medium  is  estimated  as  h ~ 500 f kHz, 
which is of the same order of magnitude as the structural resonant frequencies of 
piezoelectric microactuators. 
 
The performance limits of phase change actuators are constrained due to the lack of 
promising  materials  beyond  the  choice  of  paraffin  waxes.  The  stiffness  of  the 
diaphragm  structure  and  the  low  thermal  conductivity  of  paraffin  restrict  the 
achievable average volumetric strain to less than 5% even though the allowable limit 
is 15% under free expansion.  Nonetheless, phase change actuators are superior to 
other actuation schemes when high force (~ 1 N) or work is the primary requirement 
in low frequency applications (~ 300-400 Hz). 
 
 On the basis of efficiency, phase change actuators are superior ( em ~ 0.07 η ) to other 
actuation schemes owing to their high volumetric strain. Although the mechanical 
efficiency of the thermo-pneumatic actuators is high ( m ~ 0.15 η ) and of the same 
order as macroscale pneumatic actuators [5], their overall efficiency is of the same 
order as electro-thermal actuators (
4
em ~10 η
− ) due to the inherently low conversion 
from electro-thermal energy to pneumatic energy. Diaphragm materials with high 
dimensionless moduli and membrane stresses can further reduce the efficiency of 
thermo-pneumatic actuators by an order of magnitude.  
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The results presented herein provide guidelines for the selection of MEMS actuators 
and their associated materials choices based on performance. Although a detailed 
analysis specific to particular microsystems is required for further development, the 
present generalised study serves as a good tool for the selection of materials in order 
to realise high performance reliable MEMS devices.   
 
6.8 Summary 
 
Design guidelines for the optimal selection of materials are presented for thermo-
pneumatic and phase change actuators. Engineering polymers are very  promising 
diaphragm materials for high work per unit volume (~10
4 Jm
−3), low frequency (~ 
200  Hz)  applications.  The  actuation  frequency  can  be  improved  by  employing 
substrates with high thermal conductivity such as DLC at the expense of efficiency. 
The  influence  of  a  boss  and  the  presence  of  tensile  membrane  stress  are  both 
detrimental to the actuator performance in terms of work per volume and efficiency. 
Paraffin waxes are promising candidates for realising high force (~ 0.6 N) and high 
work per volume (~10
7 Jm
−3) phase change microactuators at a few hundred Hertz.  
 
The performance limits of different actuators and the ranking of associated material 
choices have been evolved from the fundamental governing mechanisms of relevant 
actuation schemes. These would serve as useful basis for the selection of actuators 
for  various  applications  besides  providing  practical  insight  for  realising  high 
performance devices. However, for identifying a suitable actuation scheme for an 
application,  a  more  comprehensive  understanding  of  the  critical  functional 
requirements of the microsystems is essential which requires system level analyses. 
Chapter  7  discusses  the  selection  of  microactuators  for  a  few  applications  by 
comparing the achievable performance limits of different actuation schemes.  
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Chapter 7 
Selection of Microactuators Based on Performance 
 
7.1 Transition in the design philosophy of MEMS  
 
The applications of MEMS actuators at the research level are vast. However, their 
applications  in  commercial  products  are  very  few.  An  electrostatically  actuated 
micromirror device developed by Texas Instruments Inc. [7] and piezoelectrically 
actuated variable droplet inkjet printer heads developed by Epson [12] are the two 
most notable commercial applications. Although promising materials beyond silicon 
and  other  CMOS/MOSFET  materials  are  available,  the  process  capability  for 
growing  thin  films  of  arbitrary  materials  is  not  sufficiently  mature  to  realise 
commercial  acceptance.  Nevertheless,  there  is  a  gradual  transition  in  the  design 
philosophy from process-centric design to performance-centric design. The analyses 
carried out in this thesis have identified some potential candidates for commonly 
employed MEMS actuation schemes. This provides further research opportunities in 
exploring  the  feasibility  of  individual  actuation  schemes  and  their  associated 
materials choices for realising high performance devices. 
 
This  chapter  is  organised  as  follows.  Section  7.2  discusses  the  selection  of 
microactuators  based  on  performance  in  accordance  with  the  primary  functional 
requirements  relevant  to  different  applications.  Section  7.3  discusses  a  particular 
case  study;  assessing  the  suitability  of  BMET  actuators  against  the  commonly 
preferred BMPE actuators for a boundary layer flow control application. Section 7.4 
discusses the design of masks and microfabrication processes to create representative 
devices of Al-Si3N4 BMET actuators. Section 7.5 summarises the outcomes of the 
analyses performed in this chapter. 
 
7.2 Comparison of the performance limits of microactuators 
 
Selection of actuators for a given application determines the performance of MEMS 
devices.  A  generalised  comparison  between  various  actuation  schemes  based  on 
performance is presented in Table 7.1.   141 
 
 
 
 
Actuation method  BMET  BMPE  BMSM  ETB  Thermo-pneumatic  Phase change 
Material combinations  Al-Si   PZT-Si   NiTi-Si   DLC  PMMA/air/Si  PMMA/Paraffin/ Si 
Actuator dimension   125µm 62µm 2µm × ×   R =50 µm; td = 2 µm; wc = 10 µm;  ts = 250 µm 
Temperature difference, in 
oC  ~ 150  -  ~ 30-40  ~ 112  ~ 55  ~ 55 
Compressive pre-stress, in MPa  -  -  -  ~ 500  -  - 
Electric field, Ep in MVm
−1  -  5  -  -  -  - 
Recoverable strain, εrec  -  -  0.8 %  -  -  ~ 5 % (average 
volume strain) 
Power dissipated, P in W  ~ 10
─1  ~ 0  ~ 10
─2  ~1  ~10
−3  ~  10
−2 
Dielectric energy/volume stored, Es in Jm
−3  -  ~ 0.14  -  -  -  - 
Tip deflection, δt in µm  ~ 19  ~ 2  ~ 46  -  -  - 
Blocked moment, Mb in Nm  ~ 10
─8  ~ 
9 10
−   ~ 
8 2.5 10
− ×   -  -  - 
Average out-of-plane deflection, δav in µm  ~ 6.3  0.7  15  1.6  ~ 2  ~ 10 
Blocked force, Fb in N  ~
4 3 10
− ×   ~ 
5 3 10
− ×   ~ 
4 6 10
− ×   ~   ~ 
4 10
−   ~ 0.6 
Maximum work per unit volume, W in Jm
−3  ~ 
4 3 10 ×   ~ 293  ~ 10
5  5 ~ 10   ~ 10
4  ~ 
6 9 10 ×  
Actuation frequency,  f in Hz  ~ 
3 3 10 ×   ~ 
4 9 10 ×   ~ 10
3  ~ 10
4  ~ 
2 2 10 ×   ~ 
2 2 10 ×  
Loss coefficient, χ  -  ~ 10
−3  -  -  -  - 
Mechanical efficiency, m η   0.05  -  -  -  ~ 0.15  - 
Overall electromechanical efficiency, em η   ~ 10
−4  ~ 0.1  ~ 10
─3  ~ 
3 10
−   ~ 10
─4  ~ 0.07 
 
Table 7.1 Comparison of the performance of different actuation schemes at the microscale.   142 
The in-plane area and the thickness for all actuator structures under comparison are 
maintained constant even though their basic geometric configurations are different 
(bimaterial cantilevers and axi-symmetric plates).  Although a blocked moment is a 
more appropriate performance metric for bimaterial cantilever structures, the present 
work  also  evaluated  the  blocked  force  (the  average  uniformly  distributed  load 
required  to  negate  the  average  deflection  of  the  structure)  for  the  purpose  of 
comparison. 
 
A comparison of the performances of BMET (Al-Si) and BMPE (PZT-Si) cantilever 
actuator structures for sensible limits on temperature (∆T = 150
oC) and electric field 
(Ep=  5MVm
−1)  respectively  is  shown  in  Table  7.1.  The  tip  deflection,  blocked 
moment and work/volume delivered by the BMET actuators are greater than those of 
the BMPE actuators for a fixed geometry (125 µm 62 µm 2 µm × × ). However, the 
actuation  frequency  of  the  BMPE  actuators  is  greater  than  that  of  the  BMET 
actuators  by  an  order  of  magnitude.  Although  the  force  delivered  by  the  BMPE 
actuator structures could be improved without an appreciable drop in the actuation 
frequency  at  large  scales  (~10  kHz  can  be  attained  even  for  L  ~ 
3 2 10
− × m  and 
30 L t = ), the displacement and the work per volume which could be achieved are 
consistently lower than those for the BMET actuators corresponding to the assumed 
scale. For applications such as arrays of small flap actuators for boundary layer flow 
control  [50,  145],  it  is  necessary  for  the  actuator  structures  to  operate  at  high 
frequencies  (~  10  kHz)  and  to  deliver  a  high  work  per  cycle.  Since  the  BMPE 
actuators operate at mechanical resonance, an actuation frequency of ~100 kHz can 
be achieved even for a cantilever length of a few hundred microns, however the 
work/volume per cycle is relatively small. On the other hand, BMET actuators have 
the ability to actuate at ~10 kHz only if their length is less than 100 µm (Figure 
3.15a), however, the work per volume per cycle is larger than that of the BMPE 
actuator.  Unlike BMET actuators which are characterised by high losses due to the 
Joule  heating  effect,  the  losses  associated  with  BMPE  actuators  due  to  charge 
leakage are very small. As a result, the actuation efficiency of BMET actuators is 
less than that of BMPE actuators by four orders of magnitude. However, a large 
amount of input electrical energy is stored within the blocked electrical capacitor 
without  being  utilised  for  transduction  in  BMPE  actuators.  Also,  the  ability  of   143 
BMPE  actuator  structures  to  operate  at  resonant  frequencies  can  lead  to  energy 
losses due to damping effects (material, and/or fluid) which are very low in BMET 
actuators. The BMPE actuators are also prone to depoling and aging issues which 
degrade their performance. 
 
The performance of electrothermal actuators can be improved in ETB configuration 
using DLC substrates. The work per volume delivered and the actuation efficiency of 
ETB actuators are an order of magnitude greater than that of the BMPE actuators. 
However, controlling high compressive stresses in the actuator structure is a critical 
issue which need to be addressed for realising high performance devices.  
  
Unlike BMPE actuators, BMET actuators require relatively simple microfabrication 
steps involving sputtering or evaporation of Al on Si wafers followed by etching. 
This  involves  comparably  few  mask  patterns.  BMPE  actuators  require  relatively 
complicated fabrication routes involving sputtered electrode deposition, spin coating 
of the seed layer, and sol-gel deposition of the piezoceramic followed by pyrolysis 
and  sintering  [93].  Furthermore,  the  range  of  variation  in  the  electromechanical 
properties (such  as d coefficients, coercive field, and saturated polarisation) with 
scale is greater than that of the mechanical and thermal properties. On balance this 
analysis suggests that BMET actuators are (perhaps) surprisingly competitive with 
BMPE devices, unless very high frequency and/or efficiency are the primary design 
drivers. 
 
For  bimaterial  shape  memory  (BMSM)  actuators,  Nitinol  (nickel  titanium  Naval 
Ordnance  Laboratory),  an  alloy  of  nickel  and  titanium  is  a  promising  candidate 
compared  to  other  shape  memory  alloy  systems.  This  is  attributed  to  its  large 
actuation strain (~ 6% in bulk) over  a small temperature range close to ambient 
conditions. For a NiTi-Si combination the actuation due to the shape memory effect 
is  more  pronounced  than  that  due  to  the  thermal  expansion  effect  within  the 
transformation temperature range (~ 40-80 
oC). Since one of the material properties 
governing the performance of electrothermal (α) and shape memory ( rec ε ) actuators 
is not common, a uniform basis need to be established to compare the performance.   144 
 
 
Figure 7.1 Comparison of the performance of NiTi shape memory alloy with different classes of engineering materials with respect to silicon substrates. 
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This is feasible if the actuation strain due to phase change at microscales in NiTi 
( rec 0.4-0.8% ε = ) is represented as an equivalent strain due to thermal expansion 
corresponding  to  the  temperature  limits  associated  with  the  austenite-martensite 
phase transformation as shown in Figure 7.1. It should be noted that Figure 7.1 can 
be used for comparing the performance so long as the peak actuation temperatures 
are  less  than  80
oC.  This  is  a  reasonably  valid  representation  considering  the 
operating temperature difference of most electrothermal actuators (~ 100- 200
oC). 
However,  for  peak  actuation  temperatures  greater  than  80
oC,  the  work  per  unit 
volume  beyond  80
oC  would  be  contributed  by  thermal  expansion 
(
1 1
NiTi ~11 µm.m K α
− − ) thereby leading to a slight drop in the performance. Hence 
the region corresponding to NiTi in Figure 7.1 would slightly descend along the 
ordinate in accordance with the temperature difference beyond the austenitic finish 
temperature. 
 
Although  the  work  per  volume,  W  of  thermo-pneumatic  actuators  is  very  low 
compared to electrothermal, shape memory and phase change actuators, it is on par 
with that of bimaterial piezoelectric microactuators. On the other hand, phase change 
actuators are superior to other actuation schemes when high force (~ 1 N) or work is 
the primary requirement in low frequency applications (~  300-400 Hz). Actuators 
delivering performance in that range are very promising for applications such as flow 
control microvalves employed in particle counters and biochips. 
 
Unlike electrothermal/piezoelectric actuators, there is a critical length scale for shape 
memory actuators which is dependent on the grain size of the alloy system. There 
has  been  a  wide  disagreement  on  this  limiting  scale  associated  with  the  shape 
memory  effect  [146-148]  which  depends  on  the  processing  routes.  Hence 
electrothermal  actuation  could  be  a  better  alternative  at  such  scales.  Generally 
piezoelectric actuation has been preferred for applications such as boundary layer 
flow control [50, 51] due to its ability to operate at mechanical resonance (~ 100 
kHz).  The  results  presented  herein  suggest  that  electrothermal  actuators  at  small 
scales ( 100 µm ≤ ) are competitive with piezoelectric actuators at ~ 10 kHz. 
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7.3 Detailed design of microactuators for boundary layer flow control
∗ ∗ ∗ ∗ 
 
7.3.1 Role of MEMS technology in flow control 
 
The design of fuel efficient aircraft is a long standing problem and researchers have 
been trying to increase the fuel efficiency by various means. One of the possible 
approaches is to improve the aerodynamic performance by increasing the lift to drag 
ratio of the vehicle moving through the fluid medium. The total drag is the sum of 
two components namely, skin friction drag and form (pressure) drag. Skin friction 
drag occurs due to the resistance offered to the motion of a body by the frictional 
forces that arise when fluid flows over its surface (skin). This depends on the wall 
shear stress developed and the wetted area exposed to the fluid medium. Form drag 
occurs due to the development of adverse pressure gradients which are attributed to 
flow separation. Form drag depends mainly on the shape of the vehicle. Traditional 
flow control characterised by sleekness in the shape of the vehicle by rigorous fluid 
dynamics studies over years has resulted a significant reduction in the form drag. 
With the recent advent of MEMS technology, it is now possible to manipulate the 
surface dynamically using an array of sensors and microactuators thereby reducing 
the skin friction drag as well.  
 
The  recent  trends  in  boundary  layer  flow  control  using  MEMS  technology  has 
motivated the present study which focuses on assessing the feasibility of a design for 
a proposed distributed flow control facility at the University of Southampton, U.K.. 
Such  a  facility  could  be  very  useful  for  conducting  demonstration  experiments 
relevant to fluid dynamics research. Some of the published works on boundary layer 
flow control include: Active control of laminar stream wise vortices similar to the 
wall region eddies in the turbulent zone using piezoelectric stainless steel cantilever 
actuators [50], reduction of separated wakes in the flow past circular cylinder by Au-
Si  electrostatic  actuation  [149]    and  application  of  dielectric  elastomers  [150]  in 
dimple  actuators  for  the  flow  control  using  electrostatic  actuation.  Although 
laboratories around the world have achieved a considerable success recently in drag 
reduction by boundary layer control, an effective practical solution to this problem 
                                                 
∗ The contribution of Prof. Sergei Chernyshenko, Imperial College, London, in the fluid dynamics 
studies relevant to turbulent flow control is gratefully acknowledged.   147 
has not been obtained. This is mainly attributed to a lack of understanding of the 
implementation of turbulent flow control by actuators and sensors. The purpose of 
the present analysis is to assess the performance of bimaterial MEMS structures for 
boundary flow control by relevant analytical, numerical and experimental studies. 
 
7.3.2 Introduction on distributed flow control 
 
A fundamental understanding on the boundary layer theory is essential in order to 
successfully implement a desirable flow control using MEMS technology. A detailed 
analysis focussing exclusively on the boundary layer theory for flow past different 
geometries is already well documented [151]. This section therefore discusses the 
relevant flow parameters that influence the microactuator design for boundary layer 
flow control applications. 
 
 
Figure 7.2 A fully developed boundary layer over a flat plate[151]. 
 
Figure 7.2 shows a fully developed boundary layer when a fluid flows over a flat 
plate. The length of the plate is Lp and the free stream velocity of the fluid along the 
x direction is U∞. As the fluid flows over the flat plate, a thin layer of fluid called 
the boundary layer is developed near the wall within which the velocity varies from 
zero to the free stream velocity normal to the plate surface due to viscous effects. 
The flow field within the boundary layer is characterised by the non-dimensional 
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Reynolds number, Re, which is defined as the ratio of the inertial force to the viscous 
force and is given as 
 
c
f
l U
Re
ν
∞ =                   (7.1) 
 
where f ν is the kinematic viscosity of the fluid and  c l  is the characteristic length 
which is equal to the length of the plate, Lp for a flow over flat plate.  
 
Depending  on  the  values  of  Re,  the  flow  field  within  the  boundary  layer  is 
characterised as laminar (
5 5 10 Re < × ), transition (
5 6 5 10 1 10 Re × < < × ) or turbulent 
(
6 6 2 10 5 10 Re × < < × ). Assuming a no slip boundary condition at the wall, the shear 
stress distribution for a Newtonian fluid is inversely proportional to the square root 
of the plate length in the laminar region. Hence the skin friction drag is reduced as 
the Reynolds number increases within the laminar region. However, when the flow 
becomes turbulent (
6 2 10 Re > × ) random mixing of the fluid particles occurs. This is 
characterised by the formation of near wall low speed streaks and vortices which 
contribute to skin friction. The span wise dimensions of these streaks are such that 
they  can  be  effectively  controlled  either  by  an  external  disturbance  due  to 
perturbation [50] or by controlled removal of low speed streak layers at a prescribed 
frequency as described in this work.  
 
The present study discusses a particular flow control mechanism achieved by the 
removal of low speed streaks at prescribed frequencies by means of boundary layer 
suction controlled by valve actuators. The quantity of fluid removed is very small 
because only fluid particles in the vicinity of the wall are sucked into the plenum.  
Figure 7.3 shows the schematic of a simple active open loop flow control. An array 
of sensors and actuators integrated in a single wafer is flush mounted on a flat plate. 
The sensors are deployed upstream of the actuators which operate against a constant 
plenum  pressure  in  the  turbulent  region  of  the  flow  field.  The  communication 
between the sensors and the actuators is established via external control electronics 
through a computer as shown in the Figure 7.3.  
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Figure 7.3 Schematic of an active open loop flow control implementation. 
 
 
The thickness of the turbulent boundary layer, δ  for a flow over a flat plate is given 
as [151]:   
 
0.2
p 0.037L Re δ
− =                 (7.2) 
 
If air at atmospheric pressure, flows over a flat plate of length, Lp = 0.5 m at a free 
stream  velocity, 
1 15 ms U
−
∞ = ,  the  thickness  of  the  turbulent  boundary  layer 
developed is  ~ 0.01 m δ . Using boundary layer relaxation theory [151], the distance 
over which the control has to be felt can be estimated, which is approximately 10 
times the turbulent boundary layer thickness. Hence the dimension of the wafer flush 
mounted into a flat plate has to be ~ 0.1m (4").     
 
The actuators have to operate against a differential pressure of 100 kPa in order to 
remove the low speed streaks near the wall at some prescribed frequencies. Typical 
dimensions  of  near  wall  low  speed  streaks  are  100  wall  units  in  the  span  wise 
direction and 1000 wall units in the longitudinal direction respectively. A wall unit is 
U∞ 
δ 
Turbulent region,  
6 6 2 10 5 10 Re × < < ×  
Leading edge 
y 
x 
Lp 
Trailing edge 
Control 
electronics 
Computer 
Vacuum 
plenum 
Sensors  Actuators   150 
a  characteristic  length  scale  defined  in  terms  of  fluid  properties  and  the  flow 
parameters and it is given as: 
 
( )
f f
0.5 *
w f
l
V
ν ν
τ ρ
= =                 (7.3) 
 
where V
* is the frictional velocity,  w τ  is the shear stress near the wall and  f ρ is the 
density of the fluid. The expression for the frictional velocity, 
* V  for a turbulent 
flow over a flat plate is given as 
 
* 0.2 0.5 (0.5 0.058 ) . V U Re
−
∞ = × ×             (7.4) 
 
The low speed streaks evolve and die out at a particular frequency called the bursting 
frequency, fb [50] which is given as: 
 
*2
b
f
.
250
V
f
ν
=                   (7.5) 
 
For air, fb is approximately ~100 Hz at atmospheric conditions with the assumed 
flow parameters. Hence the actuation frequency,  f  has to be at least 10 times greater 
than the bursting frequency for controlling the fluid flow through the valves whose 
total cross-sectional dimensions is about 10% of a streak dimensions. Depending on 
the  degree  of  autonomy  required,  sophisticated  control  algorithms  to  coordinate 
between the responses of sensors and actuators are essential in order to realise a 
closed-loop adaptive control implementation. 
 
The flow control technology has been demonstrated only at low speeds (10-30ms
−1) 
so far by laboratory experiments. However, the real success depends primarily on the 
demonstration of this technology at high speeds besides addressing other issues such 
as net payload  gain, reliability and effect of  global shift in the flow parameters. 
Although demonstration at high speeds (75 ms
−1) has been done at laboratory scale   151 
using plasma actuators [152], the implementation in commercial applications is still 
a long term goal.  
 
The  achievement  of  an  effective  boundary  layer  flow  control  is  dictated  by  the 
performance of the actuators which depends on the selection of suitable materials for 
the given fluid properties and flow parameters. This is because the suction flow rate 
per streak and the flow velocity through valves are governed by the actuator design. 
The following sub-section assesses the suitability of BMET actuators for boundary 
layer flow control application by comparing the performance with the commonly 
proposed BMPE actuators. Using closed form solutions, the suitability of BMET 
actuators for flow control demonstration at the laboratory scale is assessed.  
 
7.3.3 Mechanics of a bimaterial flow control actuator 
 
Figure  7.4  shows  a  schematic  of  a  cantilever  bimaterial  valve  actuator  operating 
against  a  pressure  difference  for  controlling  the  boundary  layer  flow.  Assuming 
operation  in  the  linear,  small  displacement  regime,  the  valve  opening,  y  can  be 
expressed as: 
 
ps p a y y y y = + −                 (7.6) 
 
where  ps y  is the deflection due to pre-stress,  p y is the deflection due to pressure 
difference and  a y  is the deflection due to actuation. 
 
Figure 7.4 Schematic of a bimaterial cantilever valve actuator operating against a pressure difference. 
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The effect of pre-stress is expressed in terms of residual moment, Mps. Using simple 
beam theory, the actuation strain required for complete valve closure for an actuator 
with an optimised geometry is given by 
 
2 2
ps o
a 2 2
1 o
2 (1 ) ( )
2
M p
E bt
ξ ∆ β
ε
ξ
  +
= +  
 
            (7.7) 
 
where  o ξ   is  the  optimal  thickness  ratio  of  the  bimaterial  actuator  as  given  by 
equation (2.14),  L t β =  is the aspect ratio of the beam and  1 2 p p p ∆ = −  is the 
pressure difference. The actuation strain  a ε is  ( )( ) T ∆α ∆  and  31 1 1 d V t for BMET and 
BMPE actuators respectively. 
 
7.3.4 Analysis of the design space for flow control microactuators 
  
In order to realise an effective flow control implementation, performance charts are 
constructed in the domain of design variables considered (actuator length scale and 
plenum  pressure)  for  bimaterial  structures  subjected  to  electrothermal  and 
piezoelectric  actuations.  An  Al-Si  bimaterial  combination  is  considered  for  the 
BMET actuator structure. The effect of residual stress has to be considered in the 
actuator design in order to achieve the required valve opening for the removal of 
fluid  streaks.  The  residual  stresses  developed  generally  depend  on  the  process 
conditions, film thickness and the substrate materials. The flow stress in a 1.1 µm 
thick polycrystalline Al film, deposited by magnetron-sputtering on Si at 450
oC is ~ 
180 MPa [153]. The present analysis therefore assumes a residual stress of ~150 
MPa  for  a  1.35  µm  thick  Al  layer  which  is  a  reasonably  good  estimate  for  the 
preliminary design. For the BMPE actuator on the other hand, a PZT-Si combination 
is  considered.  The  residual  stress  in  thin  film  PZT  deposited  by  pulsed  laser 
deposition  on  Si  was  found  to  vary  from  ~  75-25  MPa  as  the  film  thickness 
increases from 0.05-1 µm [154]. A conservative estimate of 70 MPa was assumed in 
this study.  
 
Figures 7.5a shows the performance contours corresponding to BMET actuators for a 
turbulent  boundary  layer  control.  The  design  charts  consist  of  contours  of  tip   153 
displacement (log10(y)), actuation frequency (log10(f)), power dissipated per streak 
(log10(P)), temperature difference required for valve closure ( T ∆ ) and the number of 
actuators per streak (log10(n)), plotted in the domain of pressure difference and the 
actuator  length  scale.  The  contours  corresponding  to  T ∆   were  obtained  using 
equation (7.7) assuming the actuation strain is caused by differential expansion due 
to Joule heating. It is clear from the Figure 7.5a that an increase in the pressure 
difference  corresponds  to  an  increase  in  the  temperature  difference  and  it  is 
independent of the actuator length. This is because the valve closure is a position 
which corresponds to the negation of tip displacement of the actuator due to pre-
stress and pressure loads by an equivalent electrothermal expansion. The contours of 
equal tip deflection (log10(y)) were obtained by using equation (2.15) corresponding 
to the value of  T ∆  required for the valve closure. It is evident from the plot that 
achievable tip deflection increases with the actuator length which would result in an 
increase flow rate through the valve. Contours of equal actuation frequency (log10(f)) 
are obtained by solving the transient thermal model given by equations (3.15) and 
(3.17)  for  the  achievable  temperature  difference,  T ∆   corresponding  to  the  valve 
closure.  Unlike  tip  displacement,  actuation  frequency  increases  with  decreasing 
actuator length and it is independent of the pressure difference.  For a total valve 
cross section equal to 1% of streak area, the number of actuators per streak (log10(n)) 
is obtained by dividing total valve cross section with the cross-sectional area of an 
actuator assuming  35 L t =  and b = 0.5L. The power dissipated per streak (log10(P)) 
is obtained by using equation (3.13) for the total number of actuators  per streak 
which is a function of the total number of actuators per streak, n and the actuator 
length, L.  
 
It  is  evident  from  Figure  7.5a  that  for  a  given  actuator  length  the  temperature 
difference  required  for  the  valve  closure  increases  with  the  pressure  difference 
thereby decreasing the actuation frequency. On the other hand, a decrease in the 
actuator length results in the high actuation frequency with a corresponding drop in 
the tip displacement of the valve. Hence the boundaries of the allowable operating 
space  depend  on  the  actuation  frequency  and  the  tip  displacement  for  sensible 
temperature limits.  
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Figure 7.5a Performance of Al-Si BMET actuators for turbulent boundary layer flow control. 
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Figure 7.5b Design envelope for Al-Si BMET actuator structures for turbulent boundary layer control. 
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Figure 7.5b shows the allowable operating space for the BMET actuator which is indicated 
by the blue region on the performance chart. The design envelope is obtained based on the 
sensible  limits  on  the  achievable  temperature  (
o 200 C ≤ )  difference  and  the  design 
constraint on the actuator length so that the flow velocity through the valves do not reach 
the sonic velocity at the prescribed actuation frequencies (~ 1-10 kHz).  
 
Figure  7.6a  shows  similar  such  performance  contours  for  BMPE  actuators.  The 
performance  metrics  considered  are  same  as  that  for  BMET  actuators  except  for  the 
temperature difference,  T ∆  which is replaced by the actuation voltage, V. Using equation 
(7.7) contours of equal actuation voltage, V for BMPE actuator are obtained assuming the 
actuation strain is due to the converse piezoelectric effect. The required actuation strain 
negates the tip displacement due to differential pressure and the pre-stress. Unlike BMET 
actuators,  BMPE  actuators  operate  at  mechanical  resonance.  Hence  the  actuation 
frequency, f is obtained using the Euler-Bernoulli relation for flexural vibration as given in 
equation (3.34). The tip displacement is obtained using equation (5.4) for the achievable 
electric field required for the valve closure. Furthermore, the power dissipation in BMPE 
actuators due to charge leakage is very small compared to heat dissipation due to Joule 
heating  in  BMET  actuators.  Hence  the  contours  of  equal  power,  P  correspond  to  the 
dielectric power stored in the electrical capacitor which is obtained by using equation (5.8) 
for the achievable actuation frequencies.  
 
Figure  7.6b  shows  the  operating  space  for  BMPE  actuator  structures  for  turbulent 
boundary layer control. The operating space of the BMPE actuator is smaller than that of 
the BMET actuator. This is attributed to the small variation in plenum pressure due to the 
constraints imposed by the coercive field of PZT layers (~ 8-10MVm
−1) on the achievable 
deflection  for  the  complete  valve  closure  and  the  voltage  requirements  (<  100  V). 
Although the tip displacement can be increased by increasing the actuator length, meeting 
the frequency requirements, there is a corresponding increase in the actuation voltage as 
well. 
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Figure 7.6a Performance of PZT-Si BMPE actuators for turbulent boundary layer flow control. 
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Figure 7.6b Design envelope for PZT-Si BMPE actuator structures for turbulent boundary layer control. 
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The small operating space of the BMPE actuators compared to that of the BMET 
actuators further reiterates the fact that the specific work associated with the BMET 
structures is more than that of BMPE structures. The ability of BMPE structures to 
operate at mechanical resonance results in an actuation frequency higher than that 
achieved  from  BMET  actuators  by  an  order  of  magnitude.  However,  issues 
associated with damping which affects the Q-factor of the actuator require further 
consideration.  Furthermore,  the  inherent  quality  of  BMET  structures  to  dissipate 
power  may  affect  the  flow  locally  within  the  boundary  layer  if  the  temperature 
amplitude  is  not  appropriately  controlled  thereby  rendering  the  flow  control 
ineffective.  Hence,  the  influence  of  heat  transfer  on  the  temperature  of  the  fluid 
needs to be evaluated to ensure the applicability of BMET structures for flow control 
applications.  
 
The  increase  in  the  local  temperature  of  the  fluid  due  to  heat  transfer  can  be 
evaluated based on heat transfer through the turbulent boundary layer [151] which is 
given as 
 
p w
f o
ˆ
( ) ( )
c q
T U U
τ
∆ ∞
=
−
                (7.8) 
 
where  ˆ q is the heat flux through the boundary layer, Uo is the velocity of the wall 
and  f ( ) T ∆ is the increase in the temperature of the fluid.  
 
The number of streaks within the area to be controlled is dictated by the turbulent 
cone spread angle,  t θ  which is approximately ~ 10 degrees. For a boundary layer 
thickness,  ~ 0.01m δ  (604 l), the total number of streaks, ns within the area to be 
controlled is given as: 
 
s
1 2 10
~ 40
2 100 1000
n
l l
δ δ
= × ×               (7.9) 
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Figure 7.7 Transient heat transfer loss per cycle to the ambient for temperature difference of 125
oC. 
 
The number of streaks within the wafer area is about ~ 200. A total of 630 valves is 
required to remove 10% of a streak volume for an actuator length of, L = 100µm. 
Assuming  the  flow  through  each  valve  is  controlled  by  an  actuator,  a  total  of 
3 126 10 ×  actuators are required within the wafer area.  The average heat transfer to 
the ambient fluid per cycle is estimated to be ~7 µW from the transient thermal 
response  of  a  BMET  actuator  shown  in  Figure  7.7.  Hence  the  total  heat  flux 
transferred to the boundary layer from the wall with a 4" flush mounted wafer is 
given by 
 
3 6
2
2
(126 10 7 10 ) ˆ 112Wm .
0.1
2
q
π
−
− × × ×
= ≈
 
 
 
          (7.10) 
 
Substituting the values of relevant fluid properties, flow parameters and the value of 
heat flux,  ˆ q in equation (7.8) gives a value of  f ( ) T ∆  ~ 3
oC. Hence the rise in local 
temperature of the fluid due to heat transfer through the boundary layer is about 3
oC   161 
even for a structural temperature difference, 
o 125 C T ∆ = . Overall, BMET structures 
are competitive with BMPE structures for low speed flow control actuation based on 
this preliminary analysis. Detailed design and analysis on flow physics and effective 
control strategies are essential for further development. 
 
7.3.5 Finite element analysis of a BMET actuator structure 
 
The  analytical  solution  discussed  in  the  previous  sub-section  assumes  a  uniform 
nominal temperature difference for the actuator structure. However, in reality, the 
temperature  field  of  the  actuator  structure  due  to  Joule  heating  varies  with  the 
geometry. Hence a detailed finite element simulation was performed to estimate the 
thermoelastic and electrothermal performances of BMET structures considering the 
variation in the thermal field. Three dimensional finite element models were built 
using SOLID45 and SOLID70 brick elements implemented in ANSYS
® to simulate 
the mechanical and heat transfer analyses respectively.  The actuator is a bimaterial 
cantilever structure of length,  60 µm L = and its width,  25 µm b = . The thicknesses 
of the Al and Si layers are 1 µm and 650 nm respectively. These values are obtained 
from  the  optimality  condition  given  by  equation  (2.14).  Figure  7.8  shows  the 
deflection contours of a cantilever actuator structure due to pre-stress and pressure 
difference.  A  tip  deflection  of  ~  4.0  µm  was  obtained  from  the  finite  element 
simulation for a pre-stress of 150 MPa in the Al layer against a differential pressure 
of 50 kPa. This is close to the estimated value of ~ 3.9 µm obtained from the closed 
form solution using simple beam theory. A total compressive stress of 300 MPa is 
developed in the pre-stressed Al layer on application of the pressure load.  
 
Figure 7.9 shows the steady state temperature field required for valve closure. The 
thermal boundary condition was defined by a constant fixed sink temperature of 323 
K  at  the  mechanically  clamped  end  of  the  cantilever  structure.  A  macroscale 
convective heat transfer coefficient of ~ 10 Wm
−2K was assumed for the simulation. 
A constant power generation of 
13 ~ 4 10 ×  Wm
−3 within the Si layer is required to 
negate the tip deflection of 4.0 µm caused by the combined effect of pre-stress and 
differential pressure.  
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Figure 7.8 Vertical deflection of the actuator structure due to pre-stress and pressure difference. All 
deflections are in m. 
 
 
Figure 7.9 Steady state temperature field for a BMET actuator corresponding to valve closure. All 
temperatures are in Kelvin.   163 
 
Figure 7.10 Vertical deflection of the BMET structure at the valve closure position. All deflections 
are in m. 
 
 
Figure 7.11 Near iso-thermal state in the transient thermal response of the BMET actuator structure. 
All temperatures are in Kelvin. 
Actuation frequency, f ~ 10 kHz   164 
Figure 7.10 shows the vertical deflection contours of the actuator structure in the 
valve closure position. A gap which could result in a localised leakage corresponding 
to 600 nm vertical deflection at approximately one-third of the beam length from the 
free-end  is  observed  besides  a  gap  at  the  free-end  due  to  synclastic  curvature 
resulting in 300 nm deflection at the mid of the cross section. 
 
Figure 7.11 shows the transient thermal response of the BMET actuator. The initial 
condition corresponds to the temperature field in valve closure position as shown in 
Figure  7.9.  An  actuation  frequency  of  ~  11  kHz  was  achieved  with  the  present 
configuration.  The  time  taken  for  valve  closure  can  be  reduced  to  an  order  of 
magnitude  less  than  the  time  taken  for  valve  opening  by  increasing  the  power 
generation in the Si layer to ~ 10
14 Wm
−3 which is achievable with the typical current 
densities employed in IC circuits (~ 10
9 Am
−2) 
 
The  performance  of  BMET  actuator  structures  could  be  further  improved  by 
employing a Zn-DLC combination which can deliver four times the work per volume 
of Al- Si. However, as noted in chapter 3, the capability for fabricating thin film Zn 
alloys is not sufficiently mature in order to realise microscale structures. Al-Si3N4 is 
another promising combination which outperforms Al-Si by a factor of 2. Thin films 
of Al can be deposited on Si3N4 substrates by sputtering which is an established 
processing  route.    Detailed  micromachining  processes  and  the  design  of  suitable 
masks  to  create  representative  devices  of  Al-Si3N4  BMET  actuator  structures  in 
cantilever and clamped configurations have been developed, and these are discussed 
in detail in the following section. 
 
7.4 Micromachining of Al-Si3N4 BMET microactuators 
 
Representative devices of Al-Si3N4 BMET actuator structures were fabricated by the 
Interdisciplinary  Microsystems  Group  at  the  University  of  Florida,  Gainesville, 
U.S.A. Figure 7.12 shows the process flow sequence to micromachine the BMET 
actuators. Two different configurations will be fabricated in bimaterial architectures 
namely, the cantilever and the clamped configurations.    165 
Process No.  Process  Description  Sketch  Masks 
1  Plain wafer  - 
 
None 
2  Deposit oxide 
Plasma  enhanced  chemical  vapour 
deposition  (PECVD)  using  oxidation  of 
SiH4 for a layer thickness of ~ 200 nm   
None 
3  Deposit nitride  PECVD  using  SiH2Cl2+NH3  for  a  layer 
thickness of ~ 650 nm 
 
None 
4  Apply photo resist  Spin coating of photo resist followed by 
low temperature baking 
 
None 
5  Pattern photo resist  Exposure  of  the  photo  resist  using  UV 
light lithography 
 
BET-1 
Contd...   166 
6  Develop photo resist  Spray developer solution 
 
None 
7  Nitride etch  Plasma dry etching using CF4/O2 etch gas 
 
None 
8  Strip photo resist  Treatment of the photo resist by acetone 
 
None 
9  Deposit Al  Sputter deposition. Device layer thickness 
is ~ 1.35 µm 
 
None 
10  Apply photo resist  Spin coating of photo resist followed by 
low temperature baking 
 
 
 
 
None 
Contd...   167 
11  Pattern photo resist  Exposure  of  the  photo  resist  using  UV 
light lithography 
BET-1 
12  Develop photo resist  Spray developer solution 
 
None 
13  Al etch 
Wet  etching  of  Al  in  a  PAN  acidic 
mixture (H3PO4+CH3COOH+HNO3) in a 
heated bath at 50 
oC 
 
None 
14  Strip photo resist  Treatment of the photo resist by acetone 
 
 
 
None 
Contd...   168 
15  Apply photo resist  Spin coating of photo resist followed by 
low temperature baking 
 
None 
16  Pattern photo resist  Exposure  of  the  photo  resist  using  UV 
light lithography 
 
BET-2 
17  Develop photo resist  Spray developer solution 
 
None 
18  Oxide etch  Wet etch using buffered HF acid 
 
 
 
None 
Contd...   169 
19  Si etch 
Isotropic  plasma  dry  etching  using  SF6 
etch gas. The depth of the trench, dt ~ 30-
40 µm 
 
None 
20  Strip photo resist  Treatment of the photo resist by acetone 
 
None 
 
 
 
Figure 7.12 Process flow sequence to micromachine Al-Si3N4 BMET actuator structures. 
 
 
 
 
 
dt 
Si  SiO2  Si3N4  Al 
Photo 
resist   170 
Due to a significant slippage in the microfabrication schedule these devices were not 
available to test prior to completion of this thesis. 
 
Figures 7.13a and 7.13b show the layout of the masks (BET-1 and BET-2) used for 
microfabricating  the  actuators.  The  masks  were  created  by  Photosciences  Inc., 
U.S.A.  Each actuator structure is accompanied by a pair of bond pads besides the 
peripheral pads to facilitate testing of the devices. Distinctive alignment marks were 
made along the horizontal and vertical directions to improve the alignment accuracy. 
The photolithographic process was carried out using MA6 mask aligner system with 
a dimensional tolerance of ~ 2 µm. The masks were designed such that the length of 
the actuator structures, L vary from  40-200 µm for constant width (b = 30 µm) and 
thickness (t = 2 µm). The distance between the U-shaped conducting paths is 10 µm 
and the size of the bond pads are400 µm 400 µm × .  
 
Preliminary analysis on electromigration reveals that the electrical resistance of the 
microfabricated structures drop by about 3% for 1hr operation at nominal current 
densities (
10 2 ~10 Am
− ) if 99.999 % pure Al is used. The achievable temperature 
difference  at  such  current  densities  is  between 
o 125 - 200 C T ∆ = .  However, 
commercial  Al  alloys  (Al  with  0.5  wt  %  of  Cu)  commonly  preferred  in  the 
microfabrication industry has improved the resistance to electromigration due to the 
presence of Cu. The drop in electrical resistance is only about 1% for 3 hrs operation 
under similar conditions if commercial Al alloys are used [155] for microfabricated 
structures. The mean time to failure (MTTF) estimated from Black’s analysis [156] 
is  about  ~  161  hrs  for  structures  made  of  pure  Al.  Hence  the  effect  of 
electromigration on the performance of the actuators should not be a concern during 
the experimental investigation considering the actual testing time associated with the 
actuator structures.      
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Figure 7.13a Layout of BET-1 mask used in processing steps 5 and 11. The shaded region represents 
the chrome coated opaque area. 
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Figure 7.13b Layout of BET-2 mask used in processing step 16. The shaded region represents the 
chrome coated opaque area. 
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(a) 
 
(b) 
Figure 7.14 Effect of etch time on the undercut of (a) clamped structure (b) cantilever structure. (No. 
of cycles = 33, etching/passivation time = 12/7 s, RF platen power = 13 W, etch duration = 16 min 30 
s).   174 
 
 
(a) 
 
(b) 
Figure 7.15 Effect of etch time on the undercut of (a) clamped structure (b) cantilever structure. (No. 
of cycles = 18, etching/passivation time = 12/7 s, RF platen power = 13 W, etch duration = 9 min 5 s). 
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Figure  7.16  Unreleased  clamped  structure  for  the  reduced  etch  time  (No.  of  cycles  =  18, 
etching/passivation time = 12/7 sec, RF platen power = 13 W, etch duration = 9 min 5 s). 
 
Studies relevant to the preparation of suitable dry etch recipes (Process no. 19) and 
the  effect  of  etch  time  on  the  undercut  of  silicon  were  initially  performed  to 
maximise the yield of devices. Figures 7.14 and 7.15 show the effect of etch time on 
the undercut of silicon underneath the clamped and cantilever structures in one of the 
iterative studies on the test wafers. The structures were obtained by isotropic dry 
etching of silicon protected by a polymer mask patterned by the optical mask BET-2.  
The greenish tint along the periphery of the trench gives an indication of the depth of 
undercut. For an etch duration of 16 min 30 s, the undercut was about ~ 30 µm and 
the corresponding depth of the trench was about ~100 µm.  A trench depth of at least 
~30 µm beneath the tip of the largest cantilever structure (L = 200 µm) is required to 
facilitate the testing of the structures. Although the undercut depth (~ 20 µm) and the 
trench depth (~55 µm) were reduced for an etch time of 9 min 5 s, a few structures at 
small length scales (L= 40, 80 µm) were not released completely. Figure 7.16 shows 
one of the unreleased clamped structures of length, L = 40 µm. The thin demarcation 
between the periphery of the undercut along the middle of the clamped structure 
clearly indicates that the structure was unreleased. This is attributed to the reduction 
in the available plasma to etch the silicon at small scales as the etch time is reduced.    176 
 
 
 
   
(a) 
   
(b) 
   
(c) 
Figure 7.17 Optical microscopic images of microfabricated Al-Si3N4 cantilever bimaterial actuators of 
length (a) L = 40 µm, (b) L = 100 µm, and (c) L = 200 µm.  
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(a) 
 
(b) 
 
(c) 
 
Figure 7.18 Optical microscopic images of microfabricated Al-Si3N4 fixed-fixed bimaterial actuators 
of length (a) L = 40 µm, (b) L = 180 µm, and (c) L = 200 µm.  
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Figure 7.19 Optical microscopic image of Al-Si3N4 cantilever bimaterial actuator of length, L = 200 
µm with damaged electrical contacts due to over etch. 
 
Further studies were carried out to determine an optimal etch time which would yield 
the  maximum  number  of  devices  with  the  minimum  possible  undercut.  Also  the 
inability of the buffered oxide etch solution (H2O + HF + NH3F) to seep completely 
through the thin oxide layer due to surface tension effects could have resulted in the 
formation  of  Al-Si3N4-SiO2  tri-layer  instead  of  Al-Si3N4  bimaterial.  Further 
investigations to confirm the presence of the oxide layer if any have to be carried so 
that it can be appropriately accounted in the detailed finite element simulations.   
 
A  total  of  3  device  wafers  (WF-1,  WF-2  and  WF-4)  were  processed  to  ensure 
availability of sufficient number of structures for experimentation. Figures 7.17 and 
7.18  are  the  optical  microscopic  images  of  microfabricated  actuators  at  different 
length  scales  in  cantilever  and  clamped  configurations  respectively.  A  visual 
microscopic examination reveals that more than 75 % of devices are available for 
experimentation in WF-1 and WF-2. However, the Al layer was over etched in WF-4 
due to which the electrical contacts of few cantilever structures were broken. Figure 
17.19 shows one such structure from WF-4 in which the aluminium conducting path 
was over etched perhaps during wet etching processes (Process no. 13 and 18). 
 
The final microfabricated structures will be tested in a probe station to evaluate their 
mechanical  performance  (displacement,  blocked  force,  work  per  volume).  The   179 
thermal  performance  (actuation  frequency)  will  be  evaluated  using  a  laser 
vibrometer. The performance metrics evaluated experimentally will provide baseline 
data for further research studies relevant to flow control applications. Furthermore, 
metrological studies correlating the actual device features and their undercuts to the 
relevant process parameters will be documented which could serve as best practice 
for further research work.  
 
Unlike the solid cross section of layer-2 defined in the analytical models previously 
(Figure 3.1), the layer-2 topology of the fabricated structure follows the profile of the 
conducting  path.  This  deviation  in  the  topology  is  attributed  to  the  cost 
considerations  associated  with  the  number  of  masks  employed.  Nevertheless,  the 
topology of the resultant fabricated structure is sufficiently accurate to obtain good 
estimates of the performance in the preliminary design stage ( 10% ≤ accuracy). The 
deviations in the experimental results, if any will be corroborated by a detailed finite 
element simulation considering the realistic dimensions of the actuator structure and 
accounting for the compliance effect at the anchor locations of the actuators. 
 
 7.5 Summary 
 
A comparison of the performance limits of different MEMS actuation schemes is 
presented, ranking the potential candidate materials. It is found that electrothermal 
actuation is promising for applications requiring large specific work at frequencies of 
a few hundred Hertz. Piezoelectric actuators are promising for applications requiring 
a relatively large force at high frequency. Shape memory actuators (NiTi on Si) are 
capable of delivering high work per volume at relatively low frequencies (<1 kHz). 
Although the work per volume delivered by BMET actuators is lower than that of the 
BMSM by an order of magnitude, electrothermal actuators are capable of actuating 
at ~ 10 kHz at scales less than 100 µm. Phase change actuators are superior to other 
actuators in delivering large work per volume. However, the achievable frequencies 
are  relatively  very  low.  The  results  presented  herein  provide  guidelines  for  the 
selection of MEMS actuators by comparing the best achievable performance from 
the various actuation schemes. Although a detailed analysis specific to a particular 
microsystem with due consideration to application specific constraints is required for   180 
further development, the present comparative study would provide an indication of 
what best could be achieved with the present capability in microfabrication routes. 
 
The  suitability  of  BMET  actuators  for  low  speed  flow  control  is  discussed  by 
comparing  its  performance  to  commonly  preferred  BMPE  actuators.  A  detailed 
microfabrication  process  has  been  developed  with  relevant  masks  design  to 
micromachine  Al-Si3N4  BMET  actuators.  Further  research  is  still  in  progress 
evaluate  the  electrothermal  and  thermoelastic  performance  of  the  microfabricated 
structures experimentally. 
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Chapter 8 
Conclusions and recommendations 
 
“There’s plenty of room at the bottom”  
–  Richard P. Feynman, American Physical Society, Caltech., U.S.A, 1959 
 
 
The  ability  to  process  thin  films  made  of  novel  materials  at  the  microscale  has 
opened doors for new opportunities to enhance the performance limits of MEMS 
devices. It has also introduced significant challenges which need to be overcome 
from  the  micromachining  standpoint.  This  is  clearly  evident  from  the  novel 
candidates  which  are  not  traditional  CMOS  materials,  identified  for  various 
functional  requirements  for  different  actuator  structures.  Further  research  on  the 
processes  which  directly  result  in  high  quality  thin  films  is  required  in  order  to 
realise MEMS devices made of these materials.  Nevertheless, the analyses carried 
out  in  this  thesis  relevant  to  various  MEMS  structures  serve  as  useful  design 
guidelines  for  materials  selection  which  forms  the  overall  aim  of  the  present 
research.   
 
This  chapter  is  organised  as  follows.  Section  8.1  discusses  and  summarises  the 
inferences drawn from the analyses performed in the previous chapters. Section 8.2 
lists the specific contributions made based on the research outcomes. Section 8.3 
highlights the scope for further research studies. Section 8.4 concludes the thesis 
with closing remarks. 
 
8.1 Discussion and summary 
 
The  possibility  of  realising  high  performance  MEMS  devices  is  dictated  by  the 
fundamental change in the design philosophy of MEMS i.e., from process-centric to 
performance-centric. This transformation relies on continuing research into process 
development activities relevant to novel thin film materials so that the population of 
the MEMS materials set can be expanded. The present research is a preliminary 
work adapting this new design trend by identifying and ranking potential candidate 
materials for  realising high performance MEMS devices.  Further detailed studies    
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specific  to  various  microsystems  are  essential  in  order  to  derive  the  maximum 
benefits. 
 
A strategy for selecting novel material combinations for high performance BMET 
actuators has been developed by understanding the associated physical mechanisms. 
Using simple beam theory and lumped heat capacity models in conjunction with the 
relevant  ‘Ashby’  selection  map,  optimal  candidate  materials  were  identified  and 
ranked  based  on  the  maximum  achievable  performance  for  various  functional 
requirements. The resulting few promising candidates identified beyond the CMOS 
materials set, however require further research to assess their suitability for MEMS 
structures. BMET actuators have the potential to operate at actuation frequencies ~ 
10 kHz at scales less than 100 µm with optimal choices of engineering alloys/metals 
on Si/DLC substrates. Zn on DLC substrate deliver the highest achievable work per 
unit  volume  compared  to  other  combination  at  very  high  frequencies.  The  most 
commonly preferred material combination (Al on Si) is bettered by some promising 
combinations such as Zn on DLC and Al on Si3N4 for high work per unit volume at 
high frequencies. Although, Invar is a very promising substrate for high work per 
unit  volume  at  low  frequencies  due  to  its  low  thermal  expansion  coefficient,  its 
suitability for MEMS devices requires further research.  
 
The  performance  limits  of  ETB  actuators  were  obtained  using  Euler’s  buckling 
theory and lumped capacity thermal models. An analytical framework for materials 
selection  was  developed  and  promising  candidates  for  various  functional 
requirements were identified by plotting iso-performance contours in the domain of 
material  properties.  The  influence  of  intrinsic  compressive  stress  on  the 
improvement of actuator performance (actuation frequency and efficiency) was also 
studied for silicon and DLC substrates. High frequencies between ~  10-100 kHz 
could be achieved from ETB structures made of Si and DLC at the microscale. 
 
Unlike  electrothermal  actuators,  the  choice  of  active  materials  for  piezoelectric 
actuators  is  very  limited.    Piezoceramics  such  as  PMN-PT,  PZN-PT,  PZT  and 
BaTiO3  on  Si  or  DLC  are  promising  for  large  force/work  actuators  with  high 
transduction  indices  and  efficiency  ( em ~ 0.1 η ).  AlN  on  Si  or  DLC  substrates    
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performs better than other alternative candidates for high frequency applications (~ 
600  kHz).  The  suitability  of  other  active  materials  on  different  substrates  for  an 
actuator  design  can  be  assessed  by  applying  impedance  matching  studies  as 
described in chapter 5. Furthermore, the variation of electromechanical properties of 
active materials with processing routes demands better understanding on the process-
property relationships in order to improve the performance. 
 
For shape memory alloy actuators, NiTi, on Si is a promising combination for high 
work/volume at frequencies less than ~1 kHz due to its high recovery strains (~ 6% 
in  bulk)  over  a  small  temperature  change  (~  30-35 
oC).  However,  there  is 
disagreement in the literature regarding the threshold scaling limit for sustenance of 
the shape memory effect. This is attributed to the dependence of the limiting scale on 
the processing routes of thin film shape memory alloys.  
 
Polymers are leading potential candidates for the diaphragm materials of thermo-
pneumatic  actuators.  The  maximum  achievable  work  per  volume  by  thermo-
pneumatic  actuators  is  comparable  to  that  of  BMPE  actuators  at  the  microscale, 
although the actuation frequencies are only a few hundred Hertz. Furthermore, there 
is a limitation on the achievable temperature rise within the cavity thereby making 
the  materials  selection  for  such  diaphragms  almost  insensitive  to  the  maximum 
achievable pressure.  
 
Although phase change actuators are superior to other actuation schemes in regard to 
large work per volume delivered, not many choices of materials are available beyond 
paraffin.  Also,  the  low  thermal  conductivity  of  paraffin  restricts  the  actuation 
frequency of phase change actuators which are close to that achievable by thermo-
pneumatic actuators. The suitability of paraffin for reliable MEMS devices requires 
further research.   
 
8.2 Key contributions of the research 
 
The focus on materials selection for realising high performance MEMS devices with 
due consideration to length scales and processing routes has led to the following    
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outcomes  beneficial  to  the  research  and  technical  community  which  are  the  key 
contributions of this work. 
 
i)  A  strategy  for  selecting  potential  candidate  materials  for  commonly 
employed  MEMS  actuation  schemes  has  been  developed  analytically 
applying mechanics and thermodynamics relations.  
ii)  Design  guidelines  for  selecting  optimal  materials  for  various  functional 
requirements were provided for BMET, BMPE, BMSM, thermo-pneumatic 
and phase change microactuator structures. 
iii) Promising candidates for various functional requirements were identified and 
ranked  based  on  performance  for  various  actuation  schemes  which  could 
serve as useful basis for further research. 
iv) Selection of microactuators for an application has been illustrated by detailed 
comparison  of  the  performance  limits  achievable  from  different  actuation 
schemes and by a case study on a flow control application. 
v)  Effect of processing routes on the variation of thin film properties which 
thereby  affect  the  performance  was  illustrated  by  multiscale  performance 
maps for BMPE actuators. 
vi) A  need  for  transition  in  the  design  philosophy  (from  process-centric  to 
performance-centric  design)  to  realise  high  performance  structures  at  the 
microscale  has  been  identified  in  order  to  make  MEMS  technology  more 
mature. 
 
8.3 Future scope and recommendations 
 
The present work has made significant advances in the field of MEMS technology 
from the materials perspective by understanding the relevant physical mechanisms of 
the device structures. Further work is essential to translate the preliminary design of 
the MEMS structures to a promising application. The key tasks itemised as below 
serve as a short term plan of the present research 
 
i)  Thermoelastic  and  electrothermal  performance  of  the  BMET  actuator 
structures will be evaluated experimentally using a probe station and laser 
vibrometer.     
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ii)  The  variations  in  the  geometry  of  the  microfabricated  structure  due  to 
undercuts  and  alignment  errors  will  be  determined  from  appropriate 
metrological studies and a realistic finite element model considering the thin 
film properties will be built and analysed. 
iii)  A detailed comparison between the experimentally evaluated performances 
with the theoretical estimates will be made which would serve as baseline 
data for further design improvements of flow control actuators.  
 
The present work has left immense scope for further research opportunities which 
will serve as a long term plan of the on-going research. Some promising directions 
which could bring significant advancement in the field of MEMS technology are:  
 
i)  The  present  work  has  provided  a  clear  indication  on  the  advancements 
required in the microfabrication routes to process novel thin film materials 
beyond CMOS candidates. Hence any effort to populate the MEMS materials 
set with these novel candidates requires a rigorous fundamental research on 
the  relevant  physical  chemistry.  Although  the  process  for  developing  thin 
film Zn alloys on metallic substrates such as steel (galvanisation) and copper 
is established, the ability to extend for processing on other substrates requires 
a  significant  effort.  The  improvements  in  the  capability  of  the  processing 
routes for thin film layered structures would also have an influence on the 
MEMS-CMOS integration if the required thermal budget can be met.   
ii)  The recent advent of Hafnium, Hf substrates in the microelectronics industry 
has given an opportunity to realise MEMS structures which deliver better 
performance than Si substrates. Although the thermoelastic properties of Hf 
(
6 1 1 ~138-144 GPa; ~6 10 m.m K E α
− − − × ) are comparable to that of the Si, 
its  low  electrothermal  properties  (
1 1 8
r ~ 22-23 Wm K ; ~ 35 10 Ωm
− − − × κ ρ ) 
would make it a potential candidate better than Si for high performance, low 
power  electrothermal  actuators.  Hence  assessing  the  suitability  of  Hf 
substrates for MEMS structures could be another promising direction.  
iii) The candidate materials which deliver the best performance in the bi-layered 
configuration could be a good starting point to realise multilayered composite 
structures.  The  materials  identified  and  ranked  for  different  actuation    
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schemes in this study are promising candidates which can be considered for 
designing multilayered MEMS structures.  
iv) The  ability  to  realise  nanocomposite  structures  using  carbon  nanotubes 
(CNT) has led to the development of new materials with tailored elastic and 
thermal properties.  Hence assessing the performance of thin film layered 
structures  made  of  CNT  based  nanocomposites  would  be  an  exciting 
direction to explore further.  
v)  The  development  of  NiTi  shape  memory  alloy  actuators  for  MEMS 
applications is not as advanced as electrothermal and piezoelectric actuators. 
Hence characterising the properties of thin film NiTi structures considering 
the effect of scaling and stoichometric variations is another important step 
towards development.  
vi) The ability to realise thin film structures made of different materials would 
provide a significant advantage in designing actuators to work against a range 
of external mechanical impedances. This would in turn lead to development 
of novel MEMS devices in different areas of application. 
 
8.4 Closing remarks 
 
A  materials  selection  strategy  has  been  developed  considering  the  mechanics  of 
actuation  in  order  to  identify  and  rank  potential  candidates  for  realising  high 
performance MEMS devices. Apart from the results presented herein, it is believed 
that the systematic material selection process described here would underscore the 
importance of performance-centric design philosophy to the MEMS community. 
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